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CHAPTER 1. 
INTRODUCED PLANTS IN NATURAL AREAS, WITH PARTICULAR 
REFERENCE TO THE HIGH ALTITUDE ENVIRONMENTS OF KOSCIUSKO 
NATIONAL PARK, SOUTH-EASTERN AUSTRALIA. 
INTRODUCED PLANTS IN NATURAL AREAS. 
Until recently, most of the available research on 
the biology of introduced plant species, their 
interactions with neighbouring species and their 
responses to a range of environmental conditions has been 
carried out in an agricultural context. However, the 
study of introduced plants in natural areas has received 
increasing attention in the last decade, including the 
initiation in mid-1982 of a wide-ranging SCOPE programme 
(Scientific Committee on Problems of the Environment, a 
subsidiary body of the International Council of 
Scientific Unions) on the Ecology of Biological 
Invasions. 
The research associated with the SCOPE programme has 
now been published as a series of regional and global 
reviews (Groves & Burdon, 1986; Kornberg & Williamson, 
1986; Macdonald et al., 1986; Mooney & Drake, 1986: 
Joenje et al., 1987; Usher et al., 1988; Drake et al., 
1989). Particular emphasis in these and other studies has 
been given to factors contributing to the successful 
establishment of introduced species, and the 
susceptibility of different communities and ecosystems to 
introduced species invasions. Natural and semi-natural 
areas (those areas which are relatively undisturbed by 
human activities) in most countries are becoming fewer 
and smaller, and those that remain are subject to 
increasing visitor use and exploitation. The current 
concern about the effects of introduced species in 
natural areas is related to the growing scientific and 
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public awareness of the value of natural areas and their 
component species. An introduced species is defined in a 
natural area context as any species which is not native 
to the region being studied. 
There are few ecosystems in the world which have not 
been affected by introduced plant invasions (Usher, 1988; 
Heywood, 1989). Most of these invasions can be linked 
either directly or indirectly with human activities, with 
invasion of undisturbed ecosystems being extremely 
uncommon (Johnson, 1982; Fox, 1988). Introduced species 
invading both natural and modified ecosystems vary 
greatly in their ability to colonise and persist at a 
site, in their rates of spread and in their effects on 
the existing plant communities and ecosystem processes 
(Forcella, 1985; Christensen & Burrows, 1986; Heywood, 
1989). Even among the most successful invaders, such as 
Chrysanthemoides monilifera in coastal areas of south-
eastern Australia (Weiss & Noble, 1984a & b); Acacia 
saligna, A. cyclops and A. longifolia in the fynbos biome 
of southern Africa (Macdonald & Jarman, 1984; Macdonald 
et al., 1989) and Hypericum perforatum in temperate 
grassland and woodland communities (Groves, 1989); there 
appear to be few attributes common to all species which 
can be used to accurately predict the invasion potential 
of individual species (Healy, 1969, 1973; Crawley, 1986, 
1989; Newsome & Noble, 1986; Williamson & Brown, 1986; 
Esler, 1988; Noble, 1989). 
Nonetheless, certain factors are believed almost 
universally to increase the likelihood of invasion 
success. These include the production of high population 
numbers at any life stage (Baker, 1965; Arthington & 
Mitchell, 1986; Esler, 1988; Lonsdale et al., 1988; 
Noble, 1989), an ability to persist in unfavourable 
conditions (Baker, 1965; Healy, 1973; Amor & Piggin, 
1977), a similarity in climatic and soil conditions 
between the original habitat of the introduced species 
and their new habitat (Safriel & Ritte, 1980; Holdgate, 
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1986; Nix & Wapshere, 1986), an increase in nutrient 
availability (Specht, 1963; Moore, 1967; Adamson & 
Buchanan, 1974; Heddle & Specht, 1975; Kirkpatrick, 1975; 
Burrell, 1981; Hobbs & Atkins, 1988) and an increase in 
disturbance (Harper, 1977; Denslow, 1980; Bridgewater & 
Backshall, 1981; Crowder, 1983; Fox & Fox, 1986; Mcintyre 
et al., 1988; Hobbs, 1989). The susceptibility of native 
plant communities to invasion by introduced species is 
thought to decrease in the later stages of plant 
succession (Crawley, 1989; Rejmanek, 1989), and to be 
reduced in extremely hot, cold or dry environments 
(Webber & Ives, 1978; Forcella & Harvey, 1983b; Loope et 
al., 1988; Macdonald & Frame, 1988; Usher, 1988; 
Rejmanek, 1989). Small natural area reserves are 
frequently more susceptible to invasion than larger ones, 
particularly those close to urban areas (Adamson & 
Buchanan, 1974; Kirkpatrick, 1974; Christensen & Burrows, 
1986; Calder, 1988; Usher, 1988). 
In addition to their impacts on landscape aesthetics 
and recreational activities, introduced species in 
natural areas may affect plant population dynamics, 
community structure and fundamental ecosystem processes 
(Elton, 1958; Mueller-Dombois, 1973; Macdonald & Jarman, 
1984; Ramakrishnan & Vitousek, 1989). Thus, for example, 
successfully established introduced species may 
temporarily or permanently displace one or more 
previously existing species (e.g. Weiss, 1983), cause 
genetic alteration of native species through 
hybridisation (Robinson et al., 1986; Robin & Carr, 1986; 
Carr, 1988;), alter biogeochemical cycling in the 
ecosystem (Vitousek, 1986) and/or influence hydrological 
and geomorphological processes (Macdonald et al., 1989). 
While most research on introduced species in natural 
areas highlights their negative impacts on plant 
communities and ecosystem processes, they may have 
minimal or even beneficial impacts, such as the 
prevention or reduction of soil and nutrient loss from 
newly disturbed sites (Ramakrishnan & Vitousek, 1989). 
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The diversity and cover of introduced species in 
individual reserves are thought to vary with the size, 
shape and location of the reserve (Given, 1973; Adamson & 
Buchanan, 1974; Smith & Patterson, 1978; Jenkin et al., 
1981; Christensen & Burrows, 1986); characteristics of 
the physical environment (Harper, 1965; Usher et al., 
1988); the opportunities for dispersal, rates of spread 
of individual species and length of time introduced 
species have been established (Meurk, 1977; Forcella & 
Harvey, 1983a; Forcella, 1985; Wace, 1985); the former 
and existing land uses within the reserve and in 
surrounding areas (Costin, 1971); the structure, cover 
and composition of the native vegetation (Wester & Juvik, 
1983; Amor & Stevens, 1976); the natural and human-
induced disturbance regimes (Fox & Fox, 1986); the 
stochastic processes (chance and timing) which affect the 
population dynamics of individual species (Mollison, 
1986; Crawley, 1989); and the numbers of human visitors 
using the reserve (Macdonald et al., 1986, 1989; Crawley, 
1989). Thus, for example, it has been estimated that 
introduced species comprise 10% of the vascular plant 
species in Australia (Michael, 1981), but the proportions 
within individual regions and reserves are highly 
variable. While introduced species may contribute more 
than 20% of the total species diversity of many small 
and/or highly disturbed reserves (e.g. Fox & Adamson, 
1979; Calder, 1988), they often contribute less than 7% 
of the total species diversity of many large reserves 
and/or those occurring in remote locations (e.g. 
Kirkpatrick & Harwood, 1980; Walsh et al., 1984; Cowie & 
Werner, 1987). 
Despite the increase in research interest in 
introduced species in natural areas, detailed information 
on the distribution, abundance and ecology of all but the 
most invasive introduced species is still scarce. Even 
less common are quantitative experimental studies of the 
interactions between native and introduced species, and 
4 
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the relationships between introduced species and a range 
of environmental conditions, such as disturbance regimes, 
soil nutrient levels and climatic parameters. The 
exceptions to the above include studies by Sagar & Harper 
(1960), Weiss & Noble (1984 a & b), Fox (1988), Hobbs & 
Atkins (1988) and Usher (1986). Although circumstances 
are different for every reserve, factors which have 
contributed to the paucity of quantitative data include 
(i) the small budgets generally allocated to weed survey 
and control in natural areas, (ii) the inaccessibility of 
many reserves, (iii) problems of recognising many of the 
introduced species without extensive ground survey work 
and a thorough knowledge of the native vegetation and its 
history, and (iv) a lack of understanding of the native 
plant community dynamics and important environmental 
processes against which the impacts of introduced species 
can be assessed. 
Information on the distribution, abundance and 
ecology of introduced species is particularly scarce for 
high altitude regions throughout the world. High 
altitude, high latitude and arid (annually or seasonally 
dry) ecosystems are thought to be less susceptible to 
introduced species invasion as a result of environmental 
stress than the more widely studied Mediterranean, 
temperate forest and island ecosystems (Usher, 1988; 
Usher et al., 1988). However, few studies have been 
carried out in the former ecosystems to verify such 
generalisations. To partly address this deficiency, the 
research undertaken for this thesis aims to provide 
quantitative and experimental information (in addition to 
distributional information) on introduced species in the 
high altitude environments of Kosciusko National Park 
(KNP), south-eastern New South Wales, Australia. 
High altitude environments have a restricted 
distribution in Australia, and are located primarily in 
the south-east of the continent in the states of New 
NEW 
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(Galloway, 1980). The granitic rocks were intruded into 
older, folded marine sediments up to 450 million years 
old; some of which have been altered (metamorphosed) 
during major earth movements. A narrow band of these 
altered sediments (schists, slates, phyllites and 
quartzites) outcrops along the high ridge of the 
Kosciusko Main Range in a SSW/NNE direction, and a second 
band of regional metamorphic rocks occurs in the Geehi 
valley to the west of the Kosciusko Main Range (Wyborn, 
1977). Significant areas of limestone, and some younger 
volcanic rocks (including dykes and remnants of basalt 
flows) occur in the northern part of the Park. 
The Kosciusko region is essentially a plateau, a 
plain cut across older folded rocks and intrusive rocks 
which has subsequently been uplifted (Ollier, 1986). The 
plateau is bounded by steep slopes on its western and 
southern edges, and generally by gentle slopes on its 
eastern edge (Galloway, 1980). The cause and timing of 
the uplift are not fully understood, although it is 
believed that the Kosciusko alpine area reached 
approximately its present elevation in the Tertiary 
period, and that uplift caused extensive fracturing and 
faulting of the rocks. A small part of the Kosciusko 
region was glaciated during the Pleistocene Period, 
probably corresponding to an area of about 25 km2 of the 
current Kosciusko alpine area (Galloway, 1963; Ollier, 
1986). 
The most detailed information on the climate, soils 
and plant communities of KNP is provided by Costin 
(1954), who surveyed all the catchment areas in KNP east 
of the Great Dividing Range as part of a broader survey 
of the Monaro region of New South Wales. The more recent 
survey work has generally been associated with 
development proposals, and covers relatively small areas 
(e.g. Cooper et al., 1984; Mallen et al., 1985). 
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Costin (1954) recognised three broad but well-defined 
natural environments within Kosciusko National Park, 
which he designated alpine, subalpine and montane. The 
alpine tract occurs from the climatic limit of tree 
growth at approximately 1830m to the maximum elevation of 
2228m (Mount Kosciusko), corresponding to an area of 
about 250 km2 (Costin et al., 1979). The plant 
communities occurring in the alpine tract are heath, sod 
tussock grassland, tall and short alpine herbfield, bog, 
fen, wind-exposed feldmark and snow patch feldmark 
(Costin, 1954; Costin et al., 1979). 
The subalpine tract has a lower altitudinal limit of 
approximately 1500m, corresponding to the lower level of 
the winter snowline, and an upper limit of approximately 
1830m. The wooded areas are dominated by a single tree 
species, Eucalyptus pauciflora ssp. niphophila (Snowgum). 
Heath, bog and grassland vegetation are found 
respectively where the soils are shallow and rocky, 
poorly drained, and where cold air drainage occurs in the 
valley floors. These vegetation types also occur as an 
understorey to the Snowgum woodlands. 
The montane tract occurs in KNP between 
approximately 500m and 1500m. The characteristic plant 
communities are forests and woodlands dominated by a 
variety of Eucalyptus spp. (see Costin, 1954). Diagrams 
showing the zonation of vegetation in relation to 
altitude and topographic position are found in Costin et 
al. (1979); Wimbush (1980); Kessell (1981) and Kessell et 
al. (1982). 
Altitude has a major influence on the climate of 
each zone. Precipitation generally increases with 
increasing altitude, with an annual precipitation of 
approximately 1780 to 3050 mm in the alpine tract, 760 to 
2030 mm in the subalpine tract, and 600 to 1500 mm in the 
montane tract (Newman, 1953; Costin, 1954). At the higher 
elevations, much of the precipitation falls during the 
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winter months as snow. The winter precipitation generally 
accompanies the sub-antarctic low pressure systems moving 
across the mountains in a westerly direction. 
Precipitation decreases on the eastern side of the 
ranges, because these areas experience a rainshadow 
effect as a result of the predominantly westerly airflow. 
Snow provides a continuous cover on the ground surface 
for 1-4 months in the subalpine tract, and for more than 
4 months in the alpine tract (sometimes persisting 
throughout the year in sheltered leeward sites of 
easterly to south-easterly aspect). Intermittent snow 
cover occurs in the montane tract. 
Mean monthly temperatures fall below 0°C for 4-6 
months of the year in the alpine tract and for 1-4 months 
in the subalpine tract, but do not fall below o0 c in the 
montane tract. Within each zone, temperature variation 
occurs with altitude, aspect and topographic position. 
The mean temperature of the warmest month is 
approximately 10°c in the alpine tract, 15°c in the 
subalpine tract and 15°c to 25°c in the montane tract. 
Daily temperature ranges in the high altitude areas can 
be extremely high during the snow-free period. Strong 
winds (particularly from the north-west to south-west) 
and frosts are common throughout the year at all 
altitudes. 
The major soil types occurring in KNP and their 
profile characteristics have been described by Costin et 
al. (1952) and Costin (1954, 1955). Friable shallow 
organic loams or alpine humus soils are the most common 
soil type at the higher altitudes, forming the climatic 
climax of the alpine and subalpine soil environments 
(Costin, 1954). At lower altitudes, transitional alpine 
humus soils and podsolic soils are the most extensive 
soil types. Soils are generally acidic and low in 
available nutrients (Costin, 1975). 
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Introduced Species In Kosciusko National Park 
The first reasonably detailed survey of the flora of 
the Kosciusko region which included observations on the 
distribution and abundance of introduced species was made 
in the 1890's by J.H. Maiden, the New South Wales 
Government Botanist. Herbarium specimens of introduced 
species collected in KNP prior to the 1890's (and in fact 
prior to the late 1940's) are virtually non-existent 
(Mallen-Cooper, unpublished records). In two expeditions 
to the central area of Kosciusko National Park (between 
altitudes of approximately 1000m and the Mount Kosciusko 
summit at 2228m), Maiden recorded 7 introduced species 
(Maiden, 1898, 1899). Four of these species had 
established locally in montane areas (Vulpia bromoides, 
Hordeum murinum, Lotus corniculatus and Picris 
hieracioides), and the three remaining species (Rumex 
acetosella, Hypochoeris radicata and Taraxacum 
officinale) were "fairly well-established" in the 
subalpine zone (Maiden, 1899, page 1019). No introduced 
species were recorded in the alpine zone, except for 
Alchemilla xanthochlora whose origins are unclear (Costin 
et al., 1979). Prunella vulgaris, another species of 
uncertain status (see conflicting opinions in Burbidge & 
Gray, 1976 and Willis, 1978), was recorded in both 
montane and subalpine sites. It is probable that Maiden's 
records underestimated the number of introduced species 
occurring in central Kosciusko National Park (KNP), as 
his explorations covered a small area and his primary 
goal was to add to the existing knowledge of the native 
flora. 
An extensive survey of the climate, soils and plant 
communities of the Monaro region of New South Wales 
(including all catchment areas in KNP east of the Great 
Dividing Range) was carried out by A.B. Costin between 
1946 and 1952 (see previous section). The book published 
from this work included a list of the naturalised non-
Australian flora and gave broad distributional 
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information for each species (Costin, 1954). Costin 
recorded 6 introduced species in the alpine zone of KNP, 
44 in the subalpine zone and 67 in the montane zone. The 
much lower diversity of introduced species in the alpine 
zone was attributed to the severity of the alpine 
environment. Combining the information for the alpine, 
subalpine and montane zones, introduced species accounted 
for 11 .4% of the vascular plant species in KNP. 
A recent check-list of all plant species collected 
from alpine and subalpine areas of KNP (Thompson & Gray, 
1981) indicated that introduced species comprised 15.7% 
of the total number of species. Twenty-seven introduced 
species were collected in alpine sites and 67 in 
subalpine sites. Although some of the locational 
information on herbarium specimens may not be entirely 
accurate (however, the authors noted that they had 
personally observed the majority of species listed) the 
check-list data indicate that the diversity of introduced 
species increased substantially between 1954 and 1981, 
especially given that introduced species tend to be 
poorly represented in herbarium collections (Short, 
1987). 
Although the figures for introduced species 
diversity at various time intervals can only be regarded 
as estimates, it is clear that the number of introduced 
species in KNP has increased over time since the 
utilisation of the Park by people of European origin. By 
the time of Maiden's expeditions, there had been 
relatively extensive exploration of the high country of 
New South Wales, and grazing was a well-established 
practice (Helms, 1893; Maiden, 1898, 1899; Hancock, 
1972). Hancock suggests that stock were grazed in the 
central high altitude areas of KNP as early as the 1830s. 
Grazing was possible all year round in the montane areas 
of KNP, but only in summer in the alpine and subalpine 
areas. It was carried out in association with regular 
autumn burning to promote the growth of palatable pasture 
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in the following spring (Costin, 1958). Grazing of stock 
continued until 1944 in the area immediately surrounding 
Mount Kosciusko, till 1958 for the remaining land over 
4500 ft (1372 m), and until 1969 for the rest of KNP 
(Costin et al., 1979). 
It is likely that the exotic species listed by 
Maiden (1898, 1899), plus some of the additional species 
recorded this century, were introduced accidentally by 
the stock animals (attached to their coats or hooves, or 
passing undigested through their digestive tracts) or in 
stock feed. Introduced herbs have germinated from cattle 
dung collected in Victorian high country areas, including 
some species from surrounding lowland areas (van Rees, 
1984; Walsh et al., 1984). Trampling and grazing by stock 
in the Kosciusko region led to a reduction in the 
existing vegetation cover and the exposure of bare 
ground, creating suitable conditions for the 
establishment of introduced species (Costin, 1958; 
Bryant, 1971). Recovery of the native vegetation 
following the cessation of grazing (and associated 
burning) in KNP has resulted in a decreased cover of 
introduced species away from roads, tracks and other 
disturbed sites (Wimbush & Costin, 1979a,b & c; Thompson, 
1981). 
In addition to grazing, many other activities have 
contributed to the substantial increase in the 
distribution, diversity and abundance of the introduced 
species flora that has been observed this century. The 
most important of these are: 
(i) the construction (1949 to 1972) and continued 
maintenance of the Snowy Mountains Hydro-Electric Scheme 
(SMHES). In terms of the introduced flora, probably the 
greatest impact of the SMHES was the building of 
approximately 2000 km of roads and access tracks, and 
over half this length of transmission lines (Costin, 
1971; Brown, 1974). These provided many corridors for the 
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dispersal of introduced species in KNP, and provide a 
concentration of introduced species propagules for spread 
into adjacent native plant communities. In addition, 
amenity plantings of many exotic species were made along 
roads and in Snowy Mountains Hydro-Electric Authority 
(SMHEA) towns; the SMHEA in conjunction with the Soil 
Conservation Service of New South Wales pioneered the use 
of introduced species in revegetation programmes in the 
Snowy Mountains; and changing water levels around the 16 
large dams provided suitable conditions for introduced 
species establishment, particularly for species with a 
rapid colonising ability and a short life cycle; 
(ii) an increase in the recreational use of KNP, 
particularly the rapid growth of the downhill skiing 
industry over the last 30 years. KNP currently receives 
about two million visitors per year, more or less evenly 
split between winter (ski season) and summer (NSW 
National Parks & Wildlife Service, 1988). Associated with 
the increased number of visitors and the services 
provided for visitor use has been an increase in the area 
of disturbance, increased opportunity for the dispersal 
of plant propagules attached to vehicles and peoples 
clothing, and an increased fire frequency. Research 
carried out in South Africa by Macdonald et al. (1989) 
demonstrated a significant positive correlation between 
the numbers of visitors using a reserve and the diversity 
of introduced species; 
(iii) the acquisition of pasture land into KNP, some of 
which contained a high diversity and cover of introduced 
species (Medhurst & Good, 1984); 
(iv) fuel reduction burning (Medhurst & Good, 1984). 
Although there is little information on whether 
introduced species have become more abundant in 
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frequently burnt areas, it is known that increased 
disturbance and increased soil nutrient levels have 
increased the susceptibility of many plant communities to 
invasion by introduced species (e.g. Burrell, 1981); and 
(v) the soil disturbance, grazing and dispersal of 
introduced species by feral animals such as rabbits, 
hares, foxes, horses and pigs (Good, 1987). 
Approximately 210 introduced species of non-
Australian origin have now been recorded in KNP (Table 
1), not including most of the horticultural species 
planted in and around settlements. The species listed in 
Table 1 were obtained from (i) herbarium records of the 
Royal Botanic Gardens, Sydney; Herbarium Australiense, 
Canberra; and Kosciusko National Park Herbarium, Waste 
Point; and (ii) field surveys by the author in the 
central region of Kosciusko National Park. Detailed field 
surveys of the remaining areas of KNP, particularly the 
low altitude areas in the south-eastern part of the Park, 
are likely to increase the number of introduced species 
recorded for the Park. Most species listed in Table 1 are 
of northern European, Mediterranean and temperate Asian 
origin, and have wide altitudinal ranges (cf Smith, 
1981). Although "weedy" native species have not been 
recorded for this list, recent research suggests that in 
the future a significant number of new weeds may come 
from Australian natives that have been planted 
extensively outside their natural range (Robinson et al., 
1986; Carr, 1988; Gullan, 1988). 
The 210 species belong to 42 families, with the 
families containing the highest number of species being 
the Poaceae (37 species), Asteraceae (26 species), 
Fabaceae (24 species), Caryophyllaceae (18 species) and 
Brassicaceae (13 species)(Table 1). The prominence of 
these families is noted in many regions throughout the 
world, and in both natural and modified ecosystems 
(Stebbins, 1965; Esler & Astridge, 1982; Holzner & 
14 
TABLE 1. Introduced plant species in Kosciusko National Park. 
Information presented in this table was derived from 
field surveys and herbarium records. 
PINACEAE 
Pinus contorta 
Pinus jef freyi 
Pinus mugo 
Pinus sylvestris 
POACEAE 
Agropyron repens 
Agrostis capillaris 
Agrostis stolonifera 
Aira caryophyllea 
Aira cupaniana 
Anthoxanthum odoratum 
Arrhenatherum elatius 
Briza minor 
Bromus diandrus 
Bramus hardeaceus 
Bramus madritensis 
Bramus mollifarmis 
Bramus sterilis 
Bramus tectarum 
Cynasurus echinatus 
Dactylis glamerata 
Eleusine tristachya 
Festuca arundinacea 
Festuca rubra 
Hainardia cylindrica 
Halcus lanatus 
Hardeum glaucum 
Lalium multiflarum 
Lalium perenne 
Lalium rigidum 
Nasella trichatoma 
Panicum laevifalium 
Paspalum dilatatum 
Phleum pratense 
Paa annua 
Paa bulbasa 
Paa pratensis 
Psilurus aristatus 
Secale cereale 
Vulpia bramaides 
Vulpia megalura 
Vulpia myuras 
CYPERACEAE 
Cyperus eragrastis 
JUNCACEAE 
Juncus articulatus 
Juncus ef fusus 
Juncus tenuis 
AMARYLLIDACEAE 
Narcissus spp. 
SALICACEAE 
Salix spp. 
Papulus spp. 
FAGACEAE 
Quercus spp. 
BETULACEAE 
Betula spp. 
Alnus spp. 
ACERACEAE 
Acer spp. 
CUPRESSACEAE 
Cupressus spp. 
POLYGONACEAE 
Palyganum arenastrum 
Palyganum aviculare 
Rumex acetasella 
Rumex crispus 
Rumex abtusifalius 
Rumex pulcher 
CHENOPODIACEAE 
Chenapadium album 
Chenapadium murale 
CARYOPHYLLACEAE 
Arenaria leptacladus 
Arenaria serpyllifalia 
Cerastium fantanum 
Cerastium glameratum 
Cerastium semidecandrum 
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Table 1 cont. 
CARYOPHYLLACEAE (cont.) 
Lychnis coronaria 
Moenchia erecta 
Petrorhagia nanteuilii 
Petrorhagia velutina 
Polycarpon tetraphyllum 
Sagina apetala 
Sagina procumbens 
Saponaria off icinalis 
Silene gallica 
Silene noctiflora? 
Silene vulgaris 
Spergularia rubra 
Stellaria graminae 
Stellaria media 
RANUNCULACEAE 
Ranunculus muricatus 
Ranunculus repens 
Ranunculus trichophyllus 
PAPAVERACEAE 
Eschscholzia californica 
Papaver hybridum 
FUMARIACEAE 
Fumaria muralis 
BRASSICACEAE 
Brassica rapa 
Capsella bursa-pastoris 
Cardamine hirsuta 
Diplotaxis tenuifolia 
Erophila verna 
Hirschf eldia incana 
Lepidium campestre 
Lepidium perfoliatum 
Raphanus raphanistrum 
Rorippa palustris 
Sisymbrium of ficinale 
Sisymbrium orientale 
Turritis glabra 
RESEDACEAE 
Reseda luteola 
CRASSULACEAE 
Sedum acre 
ROSACEAE 
Alchemilla xanthochlora 
Aphanes arvensis 
Cotoneaster sp. 
Malus sp. 
Potentilla recta 
Prunus spp. 
Rosa rubiginosa 
Rubus fruticosus spp. agg. 
CAESALPINACEAE 
Gleditzia sp. 
FABACEAE 
Cytisus scoparius 
Lespedeza juncea 
Lotus corniculatus 
Lotus pedunculatus 
Lupinus polyphyllus 
Medicago arabica 
Medicago lupulina 
Medicago sativa 
Medicago polymorpha 
Melilotus alba 
Robinia pseudoacacia 
Teline monspessulana 
Trifolium ambiguum 
Trifolium arvense 
Trifolium campestre 
Trifolium cernuum 
Trifolium dubium 
Trifolium glomeratum 
Trifolium hybridum 
Trifolium incarnatum 
Trifolium pratense 
Trifolium repens 
Trifolium subterraneum 
Vicia villosa 
GERANIACEAE 
Erodium cicutarium 
Erodium moschatum 
Geranium molle 
MALVACEAE 
Malva neglecta 
Modiola caroliniana 
HYPERICACEAE 
Hypericum androsaemum 
Hypericum perforatum 
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TabJe 1 cont. 
VIOLACEAE 
Viola arvensis 
ONAGRACEAE 
Epilobium ciliatum 
Oenothera erythrosepala 
Oenothera stricta 
APIACEAE 
Conium maculatum 
Pastinaca sativa 
PRIMULACEAE 
Anagallis arvensis 
GENTIANACEAE 
Centaurium erythraea 
Centaurium tenuif lorum 
Cicendia quadrangularis 
POLEMONIACEAE 
Collomia grandiflora 
Collomia linearis 
Navarretia squarrosa 
BORAGINACEAE 
Amsinckia calycina 
Amsinckia intermedia 
Echium vulgare 
Lycopsis arvensis 
Mahonia aquifolia 
Myosotis discolor 
VERBENACEAE 
Verbena bonariensis 
LAMIACEAE 
Marrubium vulgare 
Melissa off icinalis 
Mentha pulegium 
Mentha spicata 
Prunella vulgaris 
Salvia verbenaca 
SOLANACEAE 
Datura stramonium 
Solanum nigrum 
Solanum trif lorum 
SCROPHULARIACEAE 
Linaria arvensis 
Linaria pelisserana 
Linaria vulgaris 
Mimulus moschatus 
Parentucellia latifolia 
Verbascum blattaria 
Verbascum thapsus 
Verbascum virgatum 
Veronica anagallis-aquatica 
Veronica arvensis 
Veronica serpyllifolia 
PLANTAGINACEAE 
Plantago lanceolata 
RUBIACEAE 
Galium murale 
Sherardia arvensis 
CAPRIFOLIACEAE 
Sambucus nigra 
DIPSACACEAE 
Dipsacus fullonum 
VALERIANACEAE 
Centranthus ruber 
ASTERACEAE 
Achillea distans 
Achillea millefolium 
Anthemis arvensis 
Carduus tenuiflorus 
Centaurea melitensis 
Chondrilla juncea 
Chrysanthemum maximum 
Cichorium intybus 
Cirsium arvense 
Cirsium vulgare 
Conyza bonariensis 
Conyza canadensis 
Crepis capillaris 
Crepis foetida 
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TcIDle 1 cont. 
ASTERACEAE (cont.) 
Gnaphalium calviceps 
Hypochoeris radicata 
Lactuca serriola 
Leucanthemum vulgare 
Onopordum acanthium 
Picris hieracioides 
Silybum marianum 
Sonchus asper 
Sonchus olearaceus 
Tanacetum parthenium 
Taraxacum off icinale 
Tragopogon dubius 
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Immonen, 1982; Kloot, 1987; Esler, 1987; Gullan, 1988; 
Heywood, 1989). The Poaceae, Asteraceae and Fabaceae are 
large families which are widely distributed and contain 
many commercially significant species (Gullan, 1988). The 
majority (67%) of the introduced species listed for KNP 
are herbaceous dicots. Only 11% are woody species, and 
most of these originated from deliberate soil 
stabilisation and amenity plantings. The most widespread 
introduced species in KNP are generally those able to 
tolerate low nutrient levels (e.g. Rumex acetosella, 
Hypochoeris radicata, Verbascum thapsus, Rosa rubiginosa, 
Aira caryophyllea and Rubus fruticosus spp. agg.) 
(Costin, 1971), or are leguminous species able to fix 
nitrogen (e.g. Trifolium spp., Cytisus scoparius). 
As in most natural areas in Australia and overseas, 
detailed or quantitative information on the distribution 
of individual introduced species and their impacts on 
native vegetation dynamics and ecosystem processes is 
generally lacking. The species which have received the 
greatest attention in KNP to date are some of the 
invasive woody species, such as Rubus fruticosus spp. 
agg., Cytisus scoparius and Salix spp. Even for these 
species, the information available is generally limited 
to scattered distributional records along roads and in 
amenity areas, notes on the success (or failure) of 
various control techniques (NSW National Parks & Wildlife 
Service, unpub. records), and general strategies for the 
management of introduced species in KNP (Medhurst & Good, 
1 9 8 4 ; Good , 1 9 8 7 ) . 
Information on most herbaceous species is generally 
descriptive or absent. This contrasts with the recent 
plot-based sampling of many of the high altitude areas of 
Victoria and Tasmania (e.g. McDougall, 1982; Walsh et 
al., 1984; Kirkpatrick & Harwood, 1980). These studies 
were carried out to enable the definition and mapping of 
the native plant communities, but indirectly enabled the 
presence and cover of introduced species to be 
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determined. A greater understanding of the diversity and 
extent of introduced species in KNP, their history of 
introduction, rate of spread and impacts on the native 
plant communities is necessary if the primary objective 
of the management of KNP is to be realised; namely the 
conservation of the native plant and animal communities 
and other significant natural features (NSW National 
Parks & Wildlife Service, 1988). 
THESIS STRUCTURE 
In the following chapters of this thesis, the term 
introduced species will ref er only to non-Australian 
species. Australian species from other regions, and local 
species which have greatly increased their distributional 
range as a result of human-induced changes to ecosystem 
processes (e.g. the increased abundance of Pteridium 
esculentum and Senecio linearifolius in KNP as a result 
of the increased frequency of fires) have not been 
considered in this thesis, as the original distributions 
of such species are often difficult to determine. The 
field survey work was limited to the central area of KNP, 
extending approximately from Mount Jagungal in the north 
to the Thredbo Valley in the south (Figure 1). 
The thesis is presented as a series of chapters 
written in the format of scientific papers. Although the 
research associated with each chapter is self-contained, 
the chapters are clearly linked and cross-referenced and 
therefore bridging information is considered unnecessary. 
The aim of the research carried out for this thesis 
is to provide quantitative information on (a) the 
distribution, diversity and abundance of introduced 
species in KNP in relation to altitudinal and disturbance 
gradients (Chapters 2 & 3); (b) the susceptibility of 
native plant communities to introduced species invasion 
(Chapters 2, 3 & 5); (c) the dispersal of introduced 
species by vehicles (Chapter 4); (d) the germination and 
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growth of introduced species beyond their distributional 
limits (Chapter 5); and (e) the competitive interactions 
between selected native and introduced species in 
relation to a nutrient gradient (Chapters 6, 7 & 8). The 
key points from each chapter are summarised and 
integrated in Chapter 9. 
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CHAPTER 2. 
INTRODUCED PLANTS ALONG ROAD VERGES AND THEIR SPREAD INTO 
ADJACENT PLANT COMMUNITIES IN KOSCIUSKO NATIONAL PARK, 
NEW SOUTH WALES, AUSTRALIA. 
ABSTRACT 
The roadside vegetation in the central region of 
Kosciusko National Park was sampled to determine whether 
the diversity and cover of introduced species varied with 
the level of roadside disturbance and/or altitude, and 
whether the native plant communities adjacent to 
roadsides varied in their susceptibility to invasion by 
introduced plants. 
The introduced species colonising road verges in the 
study area were predominantly herbaceous (89%), with the 
most widespread species being Hypochoeris radicata, Rumex 
acetosella and Agrostis capillaris. The diversity and 
cover of introduced species in the road verge vegetation 
increased with increasing level of road disturbance. 
Three levels of road disturbance were considered in this 
study, corresponding to three classes of roads (sealed 
major roads, unsealed minor roads and unsealed fire 
trails). The diversity of introduced species decreased 
with increasing altitude in the road verge plots sampled 
along the major roads and minor roads, and was low at all 
altitudes in the plots sampled along the fire trails. The 
cover of introduced species on the road verges did not 
vary significantly with altitude within each level of 
road disturbance. 
The diversity and cover of introduced species in the 
vegetation adjacent to the roads (paired plots) were 
generally much lower than on the road verges. The most 
widespread introduced species in the paired plots were 
Hypochoeris radicata and Agrostis capillaris. The cover 
and diversity of introduced species in the paired plots 
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decreased with decreasing level of road disturbance and 
with increasing altitude. The highest number of 
introduced species occurred in the paired plots with the 
highest native species diversity, possibly as a result of 
a moderate disturbance regime which provides regular gaps 
for plant colonisation. 
Three of the five broadly defined native vegetation 
types adjacent to roadsides were relatively resistant to 
introduced species invasion, with an average introduced 
species cover ~2.6% per plot (the area covered by each 
plot was 120m2 ). These were the Eucalyptus delegatensis 
montane forests with a dense shrub understorey, the 
subalpine woodlands dominated by E. pauciflora ssp. 
niphophila and the treeless alpine and subalpine 
vegetation. Montane forests dominated by E. radiata/E. 
viminalis and E. dalrympleana/E. pauciflora ssp. 
pauciflora were more susceptible to introduced species 
invasion, with an average cover of 7.9% and 16.2% per 
plot respectively. 
INTRODUCTION 
Until the construction of the Snowy Mountains Hydro-
Electric Scheme (SMHES), which commenced in 1949 and was 
completed in 1972, the Kosciusko Road was the only major 
access road in the central region of Kosciusko National 
Park, south-eastern New South Wales. The developments 
associated with the SMHES resulted in the building of 
hundreds of kilometres of access roads in formerly 
inaccessible areas (McMichael, 1970; Costin, 1971; Brown, 
1974). While many of the roads remain unsealed and are 
not available for public vehicle use, others such as the 
Alpine Way and the Guthega Road have become well-used by 
visitors to the central region of Kosciusko National 
Park. 
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The disturbance associated with road building, 
maintenance and use; and the dispersal of plant 
propagules by vehicles and their occupants; make road 
verges susceptible to colonisation by introduced species 
(Frenkel, 1970; Wace, 1979). Once established on road 
verges, some introduced species are able to spread into 
adjacent plant communities (Amor & Stevens, 1976; 
Forcella & Harvey, 1983a; Wester & Juvik, 1983). Amor & 
Piggin (1977) suggested that the spread of introduced 
species into the surrounding vegetation from a source of 
disturbance depends on the adaptability of the individual 
species to key environmental variables and to the degree 
of disturbance of the natural bushland. Few introduced 
species can apparently invade undisturbed native 
vegetation (Sagar & Harper, 1960; Smith, 1974; 
Kirkpatrick & Harwood, 1980; Fox, 1988). 
Studies on the spread of introduced species from 
road verges into adjacent plant communities have been 
carried out in Australia by Lane (1976, 1979), Amor & 
Stevens (1976) and Smith (1982). These authors suggest 
that the probability of introduced species becoming 
established in the vegetation adjacent to roadsides 
increases with increased light intensity, increased 
disturbance of the adjacent vegetation and increased 
exotic species seed rain; and decreases with increasing 
distance from the road surface. Research in Montana, USA 
(Forcella & Harvey, 1983a) and Hawaii, USA (Wester & 
Juvik, 1983) also indicated that the cover and diversity 
of introduced species in the vegetation adjacent to 
roadsides decreased with increasing altitude. Few 
Australian studies have investigated the extent and 
magnitude of introduced plant invasions along an 
environmental gradient (Fox & Fox, 1986). 
Sousa (1984) defined disturbance as ''a discrete, 
punctuated killing, displacement, or damaging of one or 
more individuals (or colonies) that directly or 
indirectly creates an opportunity for new individuals (or 
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colonies) to become established". Disturbance is 
generally described as a regime, with important 
components being the areal extent, magnitude, frequency 
and predictability. Disturbances are often divided into 
"natural" and human-induced components, but even in a 
large national park such as Kosciusko National Park there 
are few natural disturbance processes that have not been 
influenced by human activities. This includes an 
alteration of the fire regime by widespread fuel-
reduction burning and the suppression of some wildfires; 
the alteration of drainage systems by the damming of 
rivers and the re-direction of water flow to increase the 
water storage in the dams; and the effects of feral 
animals, including an alteration of the grazing pressure 
within the native plant communities. 
The relationship between introduced plant invasion 
and disturbance is a complex one. Prolonged, repeated or 
more intense disturbance is thought to increase the 
susceptibility of an area to weed invasion (Fox & Fox, 
1986). Harmon et al. (1983) found that disturbance 
parameters may vary along environmental or biotic 
gradients, and may in fact parallel physical 
environmental gradients, making it difficult to interpret 
the observable vegetation patterns (such as the extent of 
introduced species in native vegetation). This is 
compounded by the difficulty in determining the past and 
present disturbance regimes with any accuracy. 
In Kosciusko National Park, most of the exotic 
species found along the road verges have been introduced 
accidentally, for example as seeds attached to vehicle 
tyres or as contaminants in road-making materials. There 
have also been deliberate introductions, generally for 
revegetation purposes. These include the widespread use 
of pasture grasses (e.g. Agrostis capillaris, Poa 
pratensis and Festuca rubra) and clovers (e.g. Trifolium 
repens and Trifolium pratense) for road batter 
stabilisation, and the planting of exotic trees (e.g. 
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Populus spp., Salix spp. and Pinus spp.) along many 
sections of the roads for both stabilisation and amenity 
purposes (Clothier & Condon, 1968; Nebauer & Good, 1973). 
Propagules of these intentionally introduced species may 
also be transported by vehicles to new sites in the Park. 
This study aims to determine whether or not the cover 
and diversity of introduced species increase with 
increasing disturbance and/or altitude, using roads as 
the type of disturbance and the class of road as an 
indicator of the level of disturbance. An altitudinal 
gradient encompasses changes in many (often interacting) 
variables; such as temperature, growing season, 
precipitation and humidity, wind velocity, atmospheric 
pressure and sometimes soil characteristics. Altitudinal 
gradients are indirect as well as complex, as altitude 
itself has no direct influence on plant physiology. 
Altitudinal gradients nonetheless provide a useful and 
easily measured index of relative sample position and 
give an indication of species responses to a combination 
of predominantly climatic factors (Whittaker, 1956, 1967, 
1978; Ogden & Powell, 1979; Austin & Cunningham, 1981). 
The second broad aim of the study is to investigate 
the spread of introduced species from the road verges 
into the adjacent plant communities, and to determine if 
there are any differences in the susceptibility to 
introduced species invasion among the different types of 
native vegetation. An introduced or exotic species is 
defined in this study as any species which is not native 
to Australia. 
METHODS 
Sampling and Study Area 
Within the central region of Kosciusko National 
Park, south-eastern New South Wales, there are 
approximately 71 km of sealed major roads, 134 km of 
37 
unsealed minor roads which can be traversed by two-wheel-
dri ve vehicles, and more than 50 km of fire trails which 
generally require the use of off-road vehicles. Of the 
134 km of minor roads, approximately 59 km are available 
for public vehicular use. Most fire trails are not open 
to the public. The three classes of road (major road, 
minor road and fire trail) were used to represent three 
different levels of disturbance. 
Disturbance of the road margins is greatest along the 
major roads, both during the period of road construction 
and in the post-construction period as a result of more 
regular roadside maintenance activities and a larger 
volume of general vehicle traffic (see below). Periodic 
maintenance activities carried out along the verges of 
major roads include blading, the removal of trees and 
shrubs which may impair drivers' vision, spot herbicide 
spraying and snowclearing. Minor roads are occasionally 
graded to remove potholes and corrugations. Fire trails 
are rarely maintained apart from occasional slashing of 
vegetation close to the track to assist in fire 
suppression, and localised drainage works to minimise 
soil erosion. 
The roadside vegetation was recorded at 16 sites 
along major roads (sections of the Kosciusko Road, Alpine 
Way and Guthega Road), 23 sites along minor roads 
(sections of the Kosciusko Road, Alpine Way, Guthega 
Road, Link Road and Schlinks Pass Road), and 9 sites 
along fire trails (Valentine Fire Trail and part of the 
Grey Mare Fire Trail) (Figure 1). Each road section was 
sampled at 4 kilometre intervals. The approximate numbers 
of vehicles using each road are listed in Table 1. 
The road verge vegetation at each sample site was 
measured in plots of 120rn2 , corresponding to 20m 
(parallel to the road) x 6m (perpendicular to the road 
and measured from the edge of the road surface) for the 
major roads; and 30m (parallel to the road) x 4rn for the 
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Park showing the location of the sampling sites. 
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TABLE 1. Approximate numbers of vehicles using the roads of the 
central region of Kosciusko National Park. 
ROAD YEAR VEHICLE % OF VEHICLES 
OF NOS FOR RECORDED IN 
ESTIMATE YEAR OF SKI SEASON 
ESTIMATE (JUNE-SEPT) 
Alpine Way 1986** 351700 51 .4% 
Kosciusko Road 1986** 321100 68.6% 
Guthega Road 1987* 31000 NA 
Link Road 1989* 5000 NA 
Schlinks Pass Road 1989* 600 NA 
Grey Mare Fire Trail 1989* 100 NA 
Valentine Fire Trail 1989* 50 NA 
Key: ** Vehicle numbers derived from traffic counters placed 
at Park Entrance Stations. The figures shown for 1986 
are approximately twice those recorded in 1967, the 
first year of records. 
* Vehicle numbers estimated by T. Shepherd, Resort 
Planner, Kosciusko National Park. 
NA Percentages not available 
minor roads and fire trails. While the physical roadside 
disturbance extended at least 6m from the sealed road 
surfaces, it was frequently much less for the minor roads 
and fire trails. The minor roads generally had a narrow 
strip of disturbance immediately adjacent to the road 
surface (1 to 4m), with some plants colonising the road 
surface_itself. The 4m distance perpendicular to the road 
was therefore measured from the edge of plant 
colonisation on the actual road surface. The fire trails 
sampled were generally vegetated except for the wheel 
tracks. The 4m distance perpendicular to the road in 
these samples was laid out to include both wheel tracks. 
All plots were sampled on the downslope or fill side of 
the road to maximise the potential for the spread of 
introduced species. Lists of all vascular plants, with an 
estimate of their cover/abundance as described by Braun-
Blanquet (1932), were made for each plot. Species 
nomenclature follows Jacobs & Pickard (1981). 
In addition to the road verge plots, paired plots 
located Sm from the edge of physical roadside disturbance 
(estimated from a visual inspection of the site) were 
established at each site. This method was used by 
Forcella & Harvey (1983a) to compare road verge and 
adjacent vegetation in Montana, USA. The paired plots all 
had dimensions 20m (parallel to the road) x 6m so that an 
equal range of distances from the edge of roadside 
disturbance would be measured at each site. A list of the 
introduced species (if present) and their cover/abundance 
values (Braun-Blanquet, 1932) was made for each paired 
plot. Records of all native vascular plants and their 
cover/abundance values were made only for the sites 
located along the Kosciusko Road, Alpine Way and Guthega 
Road (25 of the total 48 sites). These three roads are 
the most heavily used roads in the central area of 
Kosciusko National Park (Table 1). 
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The regional climatic limits of tree growth are 
reached at an altitude of approximately 1830m in 
Kosciusko National Park, and areas above this altitude 
are truly alpine in character (Costin et al., 1979). The 
plant associations of the alpine areas are dominated by 
low shrubs and herbs. The subalpine zone in Kosciusko 
National Park occurs between altitudes of approximately 
1500m and 1830m, and corresponds to the zone in which 
snow lies on the ground for 1-4 months of the year 
(Costin, 1954). Wooded areas within the subalpine zone 
are generally dominated by a single species, Eucalyptus 
pauciflora ssp. niphophila (Snowgum), and are 
interspersed with areas of heath, bog and grassland 
vegetation which contain many similar species to the 
alpine plant associations. Montane forests occur at 
altitudes below 1500m in the study area. Those between 
1000m and 1500m are generally dominated by Eucalyptus 
pauciflora ssp. pauciflora, E. dalrympleana, ~ 
delegatensis, E. rubida and/or E. viminalis (part of 
Costin's (1954) E. delegatensis - E. dalrympleana 
alliance). The montane forests sampled at altitudes of 
500m to 1000m occurred only on the western side of the 
Great Dividing Range (Figure 1), and were generally 
dominated by E. radiata, E. viminalis and/or E. dives 
(part of Costin's E. fastigata - E. viminalis alliance). 
The montane forests generally experience light but non-
persistent winter snow. 
Diagrams showing the zonation of vegetation in 
relation to altitude and topographic position are found 
in Costin et al. (1979), Wimbush (1980) and Kessell et 
al. (1982). Climatic and soil conditions associated with 
each vegetation type and altitudinal zone have been 
described in detail by Costin (1954). 
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Susceptibility of Native Vegetation to Weed Invasion 
The native vegetation adjacent to the sampled road 
verge plots was divided into five major vegetation types. 
These were differentiated primarily on their structure 
and the composition of their overstorey canopies. No 
account was taken of the soil stored seed, and there was 
some variation in the understorey composition among plots 
within each defined vegetation type due to differences in 
aspect, local topography and other factors. Two paired 
plots which had unique structures and canopy compositions 
were omitted from the vegetation groupings. These were 
Guthega Road Site 2, which was the only plot 
representative of montane wet heath; and Alpine Way Site 
4, which was the only paired plot in which an introduced 
species (Salix sp.) dominated the overstorey canopy. 
The susceptibility of the native plant communities to 
invasion by introduced species was estimated by comparing 
the average cover and diversity of introduced species in 
the paired plot samples representative of each of the 
five major vegetation types. 
The five vegetation groups defined are described 
briefly below. More information is available in later 
sections of this paper. 
(i) "Eucalyptus radiata - E. viminalis" montane forest. 
The additional species E. dives, E. rubida and ~ 
stellulata formed part of the overstorey canopy of some 
plots. The understorey consisted largely of herbs 
(especially Themeda australis and Poa sieberana) and the 
fern Pteridium esculentum (Bracken). 
(ii) "E. dalrympleana - E. pauciflora ssp. pauciflora 
montane forest. The additional eucalypts E. rubida, ~ 
viminalis and E.stellulata were sometimes co-dominant or 
sub-dominant canopy species. The understorey generally 
consisted of scattered shrubs and a relatively continuous 
herb layer. 
(iii) "E. delegatensis" montane forest. Associated 
eucalypts were E. viminalis, E. dalrympleana and ~ 
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pauciflora spp. pauciflora. The understorey was dominated 
by shrubs, often of several height classes. A scattered 
herb cover was present below the shrubs. 
(iv) "E. pauciflora ssp. niphophila" subalpine woodland, 
with a dense understorey of shrubs less than 2m in height 
and/or tussock grasses (mainly Poa spp.). 
(v) Treeless alpine and subalpine vegetation, with an 
overstorey of shrub species (e.g. Phebalium ovatifolium 
and Prostanthera cuneata) or tussock grasses (Poa spp.). 
These plots were aggregated into a single group to ensure 
sufficient replication of this vegetation type. 
Analysis 
An agglomerative, polythetic, hierarchical 
classification procedure was used to compare the species 
composition of (i) all road verge plots; and (ii) the 
corresponding road verge and paired plots sampled along 
the Kosciusko Road, Alpine Way and Guthega Road. The 
classification procedure was based on a matrix of Bray-
Curtis dissimilarity coefficients, and used an unweighted 
group average fusion strategy (Clifford & Stephenson, 
1976; Belbin, 1988). The analyses were carried out using 
both presence/absence data (in which the Bray-Curtis 
dissimilarity coefficients are equivalent to Czekanowski 
dissimilarity coefficients) and cover data. The cover 
data was obtained by converting the Braun-Blanquet 
cover/abundance values to the midpoints of each cover 
class. Thus the Braun-Blanquet values of r, +, 1, 2, 3, 
4, and 5 were given percentage cover values of 0.1, 0.5, 
3.0, 15.0, 37.5, 62.5 and 87.5% respectively. In 
addition, analyses were made using the entire species 
data set and with a reduced data set obtained by omitting 
species found in one plot only. Such species are believed 
to contribute little to the recognition of site groups 
(Clifford & Stephenson, 1976). Thus four classifications 
were carried out for each group of plots. 
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The results of the classifications were depicted as 
dendrograms. The dendrograms selected for description in 
the results section were those showing the clearest 
definition into groups. It is difficult to define an 
optimal number of groups from a dendrogram, with many 
attempts being either "non-robust or dependent on 
statistical aspects that the data doesn't usually conform 
to'' (Belbin, 1988, p278). In this study, the number of 
groups was therefore determined subjectively from an 
inspection of the dendrogram structure. Principal co-
ordinates analysis, again based on a matrix of Bray-
Curtis dissimilarity coefficients which are transformed 
into Euclidean form using the Gower "correction" (Belbin, 
1988, p144), was used to check the clustering of sites 
depicted in the dendrograms. All analyses were carried 
out using the PATN programme developed at CSIRO (Belbin, 
1988) . 
Regression techniques were used to determine the 
relationships between the cover and diversity of the 
native and introduced species against altitude for each 
class of road. The elevations and slopes of the 
regression lines were compared to determine whether the 
relationships between the variables were significantly 
different among the road classes (Snedecor & Cochran, 
1980). Plotting the residuals against altitude and 
against the fitted values indicated that the samples 
generally came from a normal population with equal 
variances, and therefore simple linear regression of 
untransformed variables generally provided the best fit 
of the data (see Zar, 1984). 
Pearson product-moment correlation was used to 
determine the association between pairs of dependent 
variables, such as the number of introduced species in 
the road plots against the number of introduced species 
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in the corresponding paired plots. The regression and 
correlation analyses were carried out using the REG, GLM 
and CORR procedures of the SAS statistical package (SAS 
Institute, 1988). 
RESULTS 
Road Verge Plots 
a) Species cover and diversity 
A total of 88 introduced and 220 native species were 
recorded in the 48 road verge plots. The introduced 
species were mainly herbaceous (25 grass and 53 forb 
species), with only 4 shrub and 6 tree species being 
recorded in the road verge plots. All except 3 of the 88 
introduced species were recorded in the montane road 
verge plots (<1500 m altitude). The 3 species which 
occurred in the subalpine plots but not in the montane 
plots were Viola arvensis, Bromus sterilis and Teline 
monspessulana. However, these species are all able to 
grow at lower altitudes. To my knowledge, there are no 
introduced species growing in the alpine and subalpine 
zones which do not also grow in the montane areas (cf 
Smith, 1981). Thirty-seven introduced species were 
recorded in the plots sampled in the subalpine and alpine 
zones (>1500m). These were herbaceous species (12 grass 
and 23 forb species) with the exception of Malus sp. and 
Teline monspessulana. A higher proportion of the 
introduced species occurring in the alpine and subalpine 
plots were perennials compared with those occurring in 
the montane plots (59.5% compared with 43.5%), with the 
remaining proportions consisting of annual and biennial 
species. 
The most widespread introduced species on the road 
verges were Rumex acetosella, Agrostis capillaris and 
Hypochoeris radicata. These species occurred in 42 of the 
48 road verge plots, including plots sampled from each 
46 
class of road. An additional 8 species were recorded in 
>15 road verge plots, and were mostly perennial forbs and 
grasses (Table 2). The most widespread native species in 
the road verge plots were Luzula spp., Acaena 
anserinifolia, Carex breviculmis and Epilobium spp. These 
common colonising forbs were present in more than half 
the road verge plots (Table 2). 
Both the cover of introduced species in the road 
verge plots and the cover of introduced species expressed 
as a proportion of the total vegetation cover decreased 
with decreasing level of road disturbance (Figures 2 & 3; 
Appendix 1). The cover of introduced species averaged 
69.9 ± 7.9% (mean± S.E.), 25.9 ± 4.3% and 3.5 ± 1.7% in 
the major road, minor road and fire trail plots 
respectively. Similarly, introduced species contributed 
an average of 84.5 ± 2.2% of the total road verge 
vegetation cover of the major roads, 24.2 ± 3.2% of the 
minor roads and 3.9 ± 1.7% of the fire trails. The 
regressions of introduced species cover and proportional 
species cover against altitude were not significant for 
any level of road disturbance. The cover of native 
species averaged 12.7 ± 2.3%, 73.9 ± 4.2% and 87.0 ± 5.8% 
for the plots sampled along the major roads, minor roads 
and fire trails respectively (Figure 4). 
The average number of introduced species in the 
major road, minor road and fire trail plots were 23.6 ± 
2.6 (mean± S.E.), 9.2 ± 0.9 and 2.4 ± 0.5 respectively 
(Figure 5). The number of introduced species decreased 
significantly with increasing altitude for both the major 
road plots (F=13.7, df=1, p<.0025) and the minor road 
plots (F=11.9, df=1, p<.0024), but there was no 
relationship between introduced species diversity and 
altitude for the fire trail plots. Although this may have 
related to the fire trail plots being located over a 
narrower altitudinal range (510m) than the major and 
minor road plots (ranges of 1000m and 920m respectively), 
the lack of significance is primarily a result of the 
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TABLE 2. Introduced and native species occurring in 1_15 of the 48 
road verge plots. 
SPECIES LIFE 
HISTORY 
LIFE NO. 
FORM PLOTS 
SPECIES LIFE 
HISTORY 
Introduced Species 
Hypochoeris radicata 
Rumex acetosella 
Agrostis capillaris 
Trifolium repens 
Dactylis glomerata 
Cirsium vulgare 
Cerastium spp. 
Crepis capillaris 
Plantago lanceolata 
Taraxacum officinale 
Anthoxanthum odoratum 
KEY: 
F = Forb 
G = Grass 
s = Shrub 
T = Tree 
Per. F 
Per. F 
Per. G 
Per. F 
Per. G 
Bienn. F 
Per. F 
Ann. F 
Per. F 
Per. F 
Per. G 
Per. 
42 
42 
42 
35 
30 
22 
20 
17 
17 
17 
16 
Bienn. 
Ann. 
= 
= 
Native Species 
Luzula spp. 
Acaena anserinifolia 
Carex breviculmis 
Epilobium spp. 
Senecio gunnii 
Stellaria pungens 
Geranium potentilloides 
Viola betonicifolia 
Eucalyptus pauciflora 
Carex hebes 
Poa hiemata 
Rubus triphyllus 
Perennial 
Biennial 
Annual 
Per. 
Per. 
Per. 
Per. 
Per. 
Per. 
Per. 
Per. 
Per. 
Per. 
Per. 
Per. 
48 
LIFE NO. 
FORM PLOTS 
F 
F 
F 
F 
F 
F 
F 
F 
T 
F 
G 
s 
30 
28 
28 
27 
24 
20 
19 
19 
16 
15 
15 
15 
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FIGURE 2. The percentage cover of introduced species 
in the road verge plots in relation to altitude. 
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FIGURE 3. Introduced species cover as a proportion of 
the total road verge vegetation cover in 
relation to altitude. 
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FIGURE 4. Native species cover in the road verge plots 
in relation to altitude. 
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FIGURE 5. The number of introduced species in the 
road verge plots in relation to altitude. 
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consistently low numbers of introduced species present in 
the fire trail plots (Figure 5). A comparison of the 
elevations and slopes of the regression lines of the 
three classes of roads indicated that the magnitude of 
the difference between the number of introduced species 
and altitude depended on the class of road (F=9.7, df=2, 
p<.0004). However, since the number of native species in 
the major and minor road verge plots also decreased 
significantly with increasing altitude (F=10.4, df=1, 
p<.0062; F=8.6, df=1, p<.0081 respectively), the number 
of introduced species expressed as a percentage of the 
total species diversity did not alter significantly with 
altitude for any of the road classes. 
b) Species composition 
The dendrogram resulting from the classification of 
the 48 road verge plots, using presence/absence data and 
omitting the species which occurred in one plot only, is 
shown in Figure 6. Five groups of road verge plots were 
delineated from the dendrogram. The species and 
environmental variables which characterize each group are 
described below. Species with a constancy >60% within 
each group are listed in Table 3. 
1) Group 1 consisted of all the plots sampled along the 
major roads, as well as Guthega Rd Site 4 which occurs in 
the unsealed subalpine section of the Guthega Road. This 
group is characterised by the large number of introduced 
species occurring in each plot. The remaining groups are 
differentiated primarily by their characteristic native 
species rather than by their introduced species 
components. While most Group 1 plots contained the 
widespread species Agrostis capillaris, Trifolium repens, 
Hypochoeris radicata, Rumex acetosella and Dactylis 
glomerata, over half the plots contained a further 12 
introduced species of which Taraxacum officinale, 
Achillea millefolium, Anthoxanthum odoratum, Poa 
pratensis, Festuca rubra, Bromus hordeaceus, Verbascum 
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FIGURE 6. The classification of the 48 road verge plots, 
showing the division :into five gruups ( 1 to S). 
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TABLE 3. Species with constancy values >0.60 in each of the five groups 
defined from the classification of the 48 road verge plots 
(see Figure 6). Introduced species are indicated by an asterisk. 
Life Const. 
Form 
GROUP 1 (17 MEMBERS) 
*Agrostis capillaris G 
*Trifolium repens F 
*Hypochoeris radicata F 
*Rumex acetosella F 
*Dactylis glomerata G 
*Taraxacum off icinale F 
*Cirsium vulgare F 
*Cerastium spp. F 
GROUP 2 (11 MEMBERS) 
*Agrostis capillaris G 
*Trifolium repens F 
*Hypochoeris radicata F 
*Rumex acetosella F 
*Dactylis glomerata G 
*Cerastium spp. F 
*Crepis capillaris F 
Acaena anserinif olia F 
Rubus triphyllus S 
Epilobium spp. F 
GROUP 3 (2 MEMBERS) 
*Hypochoeris radicata F 
*Rumex acetosella F 
Senecio gunnii F 
Parahebe derwentiana F 
Paa ensiformis G 
Gonocarpus tetragynus F 
GROUP 4 (4 MEMBERS) 
*Agrostis capillaris F 
*Trifolium repens F 
*Hypochoeris radicata F 
*Centaurium erythraea F 
*Aira caryophyllea G 
*Cirsium vulgare F 
*Prunella vulgaris F 
*Trifolium campestre F 
*Rubus fruticosus S 
Gonocarpus tetragynus F 
Hydrocotyle laxiflora F 
Themeda australis G 
Gnaphalium japonicum F 
Wahlenbergia spp. F 
Luzula spp. F 
Acaena ovina F 
GROUP 5 (14 MEMBERS) 
1. 00 
1. 00 
0.94 
0.94 
0.88 
0.76 
0.76 
0.71 
1. 00 
0.91 
0.91 
0.91 
0.73 
0.64 
0.64 
1. 00 
1. 00 
0.91 
1.00 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
0.75 
0.75 
0.75 
0.75 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
0.75 
0.75 
*Rumex acetosella 
*Hypochoeris radicata 
*Agrostis capillaris 
Carex breviculmis 
Luzula spp. 
Poa hiemata 
Viola betonicifolia 
Craspedia spp. 
F 0.93 
F 0.71 
G 0.64 
F 1 .00 
F 0.93 
G 0.86 
F 0.79 
F 0.79 
KEY: F 
Fe 
G 
s 
T 
Forb 
Fern 
Grass 
Shrub 
Tree 
*Achillea millefolium 
*Anthoxanthum odoratum 
Acaena anserinifolia 
Epilobium spp. 
Senecio gunnii 
Carex breviculmis 
Senecio linearifolius 
Geranium potentilloides 
Stellaria pungens 
Galium gaudichaudii 
Parahebe derwentiana 
Daviesia latifolia 
Coprosma hirtella 
Luzula spp. 
Polystichum proliferum 
Life Const. 
Form 
F 0. 71 
G 0.65 
F 0. 76 
F 0.76 
F 0.71 
F 0.65 
F 0.91 
F 0.82 
F 0.73 
F 0.73 
F 0.73 
s 0.73 
s 0.73 
F 0.64 
Fe 0.64 
Bossiaea foliosa s 
Helichrysum secundiflorum S 
Grevillea victoriae S 
Polyscias sambucif olius S 
1. 00 
1. 00 
1. 00 
1. 00 
1.00 
1. 00 
Olearia phlogopappa s 
Oxylobium alpestre S 
Danthonia penicillata 
Poa sieberana 
Dichelachne micrantha 
Viola betonicifolia 
Hypericum gramineum 
Senecio quadridentatus 
Glycine clandestina 
Poranthera microphylla 
Cymbonotus preissianus 
Asperula scoparia 
Pteridium esculentum 
Pultenaea juniperina 
Platylobium formosum 
Bursaria spinosa 
Eucalyptus radiata 
Eucalyptus viminalis 
Grevillea australis 
Carex hebes 
Celmisia sp. 
Pimelea alpina 
Poa costiniana 
Aciphylla simplicif olia 
Ranunculus graniticola 
Oxylobium ellipticum 
G 0. 75 
G 0.75 
G 0.75 
F 0.75 
F 0.75 
F 0.75 
F 0.75 
F 0.75 
F 0.75 
F 0.75 
Fe 0.75 
s 0.75 
s 0.75 
s 0.75 
T 0.75 
T 0.75 
s 0.79 
F 0.71 
F 0.71 
s 0.71 
G 0.64 
F 0.64 
F 0.64 
s 0.64 
Const. Constancy value within a group; equal to the number of 
plots in which each species occurs, divided by the total 
number of plots (members) within the group. 
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virgatum and Trifolium pratense were more or less 
restricted to this group of plots. Few native species 
occurred in these plots apart from the widespread 
colonising species Epilobium spp., Acaena spp., Senecio 
gunnii and Carex breviculmis. The plots had a diverse 
range of altitudes, aspects and slopes. These 
environmental variables appear to be less important in 
determining the vegetation composition of the Group 1 
plots than the increased frequency and intensity of 
disturbance, which makes them suitable for the 
colonisation and establishment of many introduced species 
which are unable to grow in less disturbed sites. The 
altitude, aspect and slope of every sample site are given 
in Appendix 1 . 
2) The second group consisted of 11 montane (600-1400m 
altitude) road verge plots sampled along minor roads on 
the western side of the Great Dividing Range. All the 
plots were steeply sloping (~250) apart from small areas 
of plant colonisation on and immediately adjacent to the 
road surface. The plots covered a full range of aspects. 
Each plot contained a moderate number and cover of 
introduced species, but these were generally the 
widespread species such as Agrostis capillaris, Rumex 
acetosella, Hypochoeris radicata, Trifolium repens, 
Dactylis glomerata and Cerastium spp. The common 
colonising native species Acaena anserinifolia and 
Epilobium spp. were also found in >90% of these plots. 
The vegetation adjacent to the Group 2 plots were tall 
forests dominated by species such as Eucalyptus 
delegatensis and E. viminalis, which grow in cool, moist 
montane areas. The species differentiating this group of 
road verge plots were mainly native species that are able 
to exploit gaps in these forests following disturbance. 
They include the shrubs Daviesia latifolia, Cassinia 
aculeata, Rubus triphyllus and Helichrysum stirlingii; 
the herbs Senecio linearifolius, Parahebe derwentiana, 
Stellaria pungens and Galium gaudichaudii; and seedlings 
of the overstorey eucalypts. 
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3) Group 3 consisted of two plots, Schlinks Pass Road 
Site 4 and Grey Mare Fire Trail Site 6. These plots were 
most similar in species composition to the Group 2 plots, 
but they contained fewer introduced species and did not 
contain many of the common colonising native forbs. 
Hypochoeris radicata and Rumex acetosella were the only 
introduced species common to the two plots. The plots had 
been previously burnt, and were dominated by shrub 
species of which the only characteristic species were 
Grevillea victoriae and Oxylobium alpestre. 
4) The fourth group consisted of 4 lower montane plots 
sampled along the unsealed section of the Alpine Way 
(Sites 8 to 11), ranging in altitude from 540 m to 800 m. 
The plots generally had west to south-westerly aspects, 
and were located on the western side of the Great 
Dividing Range. The characteristic introduced species, 
present in at least 3 of the 4 plots, were Aira 
caryophyllea, Centaurium erythraea, Rubus fruticosus spp. 
agg., Prunella vulgaris and Trifolium campestre. One of 
the factors contributing to the high diversity of 
introduced species in these plots is their proximity to a 
narrow strip of former grazing land along the Murray 
River near Tom Groggin (Figure 1), which is now part of 
Kosciusko National Park. This strip of land contains a 
large number of introduced species, including some very 
large infestations of Rubus fruticosus spp. agg. The 
native species characteristic of the Group 4 plots were 
mainly grasses (particularly Themeda australis and Poa 
sieberana) and forbs (e.g. Gnaphalium japonicum, 
Hydrocotyle laxiflora, Wahlenbergia spp., Acaena ovina, 
Glycine clandestina). The fern Pteridium esculentum was 
also characteristic of these plots, and is often an 
indicator of frequent disturbance. 
5) The fifth group consisted of 14 subalpine and alpine 
plots which were sampled along minor roads and fire 
trails and were generally flat to gently sloping (<12°). 
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These plots had the lowest number and cover of introduced 
species, with only 3 species being present in ~9 of the 
14 plots. These were the widespread species Rumex 
acetosella, Hypochoeris radicata and Agrostis capillaris. 
The species differentiating this group of plots were 
native herbs (e.g. Poa spp., Craspedia spp., Celmisia 
sp., Aciphylla simplicifolia) and the low shrubs 
Grevillea australis, Pimelia alpina and Oxylobium 
ellipticum. Adult and/or seedling Eucalyptus pauciflora 
ssp. niphophila were present in 8 of the 14 plots. 
Paired Plots 
Species cover and diversity 
A total of 53 introduced species were recorded in 
the 48 paired plots, and were again predominantly 
herbaceous. Fifty of these species were recorded in the 
montane plots (n=26), while only 15 were present in the 
subalpine and alpine plots (n=22). The most widespread 
introduced species in the paired plots were Hypochoeris 
radicata and Agrostis capillaris, which were present in 
31 and 19 of the 48 plots respectively. No other 
introduced species were found in ~12 (25%) of the paired 
plots. The number of introduced species was consistently 
low in the paired plots adjacent to the fire trails, with 
a maximum of 2 species per plot (Figure 7). Introduced 
species were absent from almost half the fire trail 
paired plots. The number of introduced species per plot 
increased with increasing level of road disturbance, with 
an average of 2.9 ± 0.8 (mean± S.E.) per plot and 8.9 ± 
1.7 per plot being recorded for the minor and major road 
paired plots respectively. The only individual plots in 
which the number of introduced species was ~ 20 were the 
two lowest altitude Kosciusko Road plots (Sites 1 and 2). 
Significant regressions were obtained for the number 
of introduced species against altitude for both the minor 
road (F=11.6, df=1, p<.0027) and the major road (F=16.6, 
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df=1, p<.0011) paired plots. For both sets of plots the 
number of introduced species decreased with increasing 
altitude (Figure 7), with the decrease being more rapid 
for the major road plots. A comparison of the slopes of 
the 2 regression lines confirmed that the 2 slopes were 
significantly different (F=13.2, df=1, p<.0009). 
When averaged for all plots within each road class 
category, the cover of introduced species decreased with 
decreasing level of road disturbance (Figure 8). The 
average cover was 14.5 ± 5.4% (mean± S.E.) for the major 
road plots, 3.6 ± 1.2% for the minor road plots and 2.2 ± 
0.9% for the fire trail plots. The plot with the highest 
introduced species cover was Alpine Way Site 4, with a 
value of 78.5%. Salix spp. (Willows) contributed 83% of 
this cover. The willows were planted by the Snowy 
Mountains Hydro-Electric Authority along many of the now-
sealed sections of the Alpine Way to help stabilise the 
steep road batters. In some places (such as Alpine Way 
Site 4) these willows have spread vegetatively for many 
metres into the adjacent plant communities. 
The only significant regression for introduced 
species cover against altitude was obtained for the minor 
road plots (F=6.7, df=1, p<.0175). However, the average 
introduced cover for all montane plots sampled along 
major roads was 22.1%, compared with an average of 1.8% 
for all the subalpine and alpine plots sampled along 
major roads. The highest introduced species cover in an 
individual subalpine or alpine plot was 6.5% (Schlinks 
Pass Rd Site 1). 
The cover of individual introduced species in the 
paired plots was generally low. Only 6 species had cover 
values L5% in at least one paired plot. These were Salix 
spp. (Alpine Way Site 4), Aira caryophyllea (Kosciusko Rd 
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Site 1), Trifolium arvense (Kosciusko Rd Sites 1 & 2), 
Anthoxanthum odoratum (Guthega Rd Site 1 ), Picris 
hieracioides (Alpine Way Site 8) and Rubus fruticosus 
spp. agg. (Schlinks Pass Rd Site 11). 
The native species cover and diversity was measured 
only in the paired plots sampled along the Kosciusko 
Road, Alpine Way and Guthega Road, a total of 16 major 
road and 9 minor road plots. There was no significant 
relationship between altitude and native species cover 
for either class of road. The native species cover in the 
minor road plots averaged 134.8 ± 10.8 (mean± S.E.)%, 
and only one plot had a cover <100% (Figure 9). The 
average species cover was also high for the major road 
paired plots (105.0 ± 10.1%), although 9 of the 16 plots 
had less than 100% native species cover. The number of 
native species per plot was not significantly different 
between the road classes, with most plots containing >25 
native species (Figure 10). The number of native species 
decreased significantly with increasing altitude for the 
minor road plots (F=6.8, df=1, p<.0153). 
There was no significant correlation between the 
cover of native species and the cover of introduced 
species in the paired plots. However, there was a 
moderate correlation between the number of native species 
and the number of introduced species in the paired plots 
(r=0.56, p<.0038), with the plots containing a higher 
diversity of native species also having a higher 
diversity of introduced species (Figure 11). 
A Comparison of the Species Composition of the Road Verge 
and Paired Plot Vegetation 
The results described below correspond to the 25 
sites sampled along the Kosciusko Road, Alpine Way and 
Guthega Road, in which the presence and cover of all 
introduced and native species were recorded in both the 
road verge and paired plots. An examination of the Bray-
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Curtis dissimilarity coefficients showed that the species 
composition of the road verge and paired plots of a given 
site were generally quite dissimilar. This occurred 
whether the coefficients were calculated from the cover 
values or from species presence/absence. Only 4 sites had 
dissimilarity values <0.7 (equivalent to similarity 
values >0.3) when the dissimilarity coefficients were 
calculated from the species cover values. The road verge 
and paired plots from the major road sites were generally 
more dissimilar than those of the minor road sites. Thus 
the road plots sampled along the major roads were rarely 
clustered with their corresponding paired plots in the 
classification process. 
The dendrogram shown in Figure 12 was produced from 
a Bray-Curtis dissimilarity matrix which utilised the 
cover data for all introduced and native species present 
in the 25 road verge and 25 paired plots. Five groups of 
plots were delineated from the dendrogram, and are 
described below. Very similar plot groupings were 
obtained using simple presence/absence data, and when 
species present in one plot only were omitted from the 
analysis. Species with constancy values >60% within each 
group are listed in Table 4. 
A) The first group was similar in both group members and 
differentiating species to Group 1 of the previous 
dendrogram. It consisted of all the road verge plots 
sampled along major roads, as well as the two lowest 
altitude Kosciusko Road paired plots and the paired plot 
sampled from the first Guthega Road site. These plots 
were characterised by their high cover and diversity of 
introduced species, with the cover of native species more 
or less limited to small numbers of a few widespread 
colonising herbs. For a list of the constant and 
differentiating species, refer to Table 4 and the 
description of the Group 1 plots from the previous 
dendrogram. 
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TABLE 4. Species with constancy values >0.60 in each of the five groups 
defined from the classification of the 25 road verge and 25 
paired plots sampled along the Kosciusko Road, Alpine Way and 
Guthega Road (see Figure 12). Introduced species are indicated 
by an asterisk. 
Life Const. 
Form 
GROUP A (19 MEMBERS) 
*Hypochoeris radicata 
*Trifolium repens 
*Rumex acetosella 
*Agrostis capillaris 
*Taraxacum officinale 
*Dactylis glomerata 
*Cirsium vulgare 
F 0.95 
F 0.95 
F 0.95 
G 0.89 
F 0.79 
G 0.79 
F 0.79 
GROUP B (13 MEMBERS) 
*Hypochoeris radicata F 
*Trifolium repens F 
*Rubus fruticosus S 
*Picris hieracioides F 
Luzula spp. F 
Gonocarpus tetragynus F 
Asperula scoparia F 
Stellaria pungens F 
Viola betonicif olia F 
Epilobium spp. F 
Paa sieberana G 
GROUP C (8 MEMBERS) 
*Hypochoeris radicata F 
*Dactylis glomerata G 
*Picris hieracioides F 
Eucalyptus pauciflora T 
Senecio gunnii F 
Acaena anserinifolia F 
Stellaria pungens F 
Poa ensif ormis G 
Bossiaea foliosa s 
1. 00 
0. 77 
0.62 
0.62 
0.85 
0.85 
0.85 
0.85 
0.77 
0.69 
0.69 
0.75 
0.63 
0.63 
1. 00 
0.88 
0.75 
0.75 
0.75 
0.75 
Life Const. 
Form 
*Cerastium spp. 
*Anthoxanthum odoratum 
Epilobium spp. 
Acaena anserinif olia 
Acaena ovina 
Carex breviculmis 
Senecio gunnii 
Geranium potentilloides 
Gnaphalium japonicum 
Hydrocotyle laxiflora 
Wahlenbergia spp. 
Senecio quadridentatus 
Acaena anserinifolia 
Acaena ovina 
Clematis aristata 
Pteridium esculentum 
Themeda australis 
Eucalyptus viminalis 
Epilobium spp. 
Luzula spp. 
Viola betonicifolia 
Geranium potentilloides 
Senecio linearifolius 
Polystichum proliferum 
Tasmannia lanceolata 
Polyscias sambucif olius 
F 0.74 
G 0.63 
F 0.79 
F 0.74 
F 0.68 
F 0.68 
F 0.63 
F 0.69 
F 0.69 
F 0.69 
F 0.69 
F 0.69 
F 0.62 
F 0.62 
F 0.62 
Fe 0.62 
G 0.62 
T 0.62 
F 0.63 
F 0.63 
F 0.63 
F 0.63 
F 0.63 
Fe 0.63 
s 0.63 
s 0.63 
GROUP D (1 MEMBER) Species listed are those with a cover >1% 
*Trifolium repens 
*Holcus lanatus 
*Trifolium dubium 
Poa sieberana 
Juncus spp. 
GROUP E (9 MEMBERS) 
F 
G 
F 
G 
F 
*Rumex acetosella F 
Poa costiniana G 
Microseris lanceolata F 
Carex breviculmis F 
Luzula spp. F 
KEY: F Forb 
Fe = Fern 
G Grass 
s Shrub 
T Tree 
0.78 
1. 00 
0.89 
0.78 
0.78 
Carex appressa 
Hydrocotyle peduncularis 
Blechnum sp. 
Sphagnum sp. 
Eucalyptus dalrympleana 
Senecio gunnii 
Craspedia spp. 
Celmisia sp. 
Poa hiemata 
F 
F 
Fe 
Moss 
T 
F 
F 
F 
G 
0.67 
0.67 
0.67 
0.67 
Const. Constancy value within a group; equal to the number of 
plots in which each species occurs, divided by the total 
number of plots (members) within the group. 
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B) Group B consisted of 8 road verge and 5 paired plots. 
All plots were sampled in the montane tract (540-1440m) 
and, with the exception of Kosciusko Road Site 3, were 
located along the Alpine Way. Each plot contained a 
moderate number of introduced species, with Hypochoeris 
radicata, Trifolium repens, Centaurium erythraea and 
Rubus fruticosus spp. agg. being present in >60% of the 
plots. The plots were primarily differentiated on their 
native species components. The characteristic species 
were mainly herbs, with Themeda australis, Poa sieberana 
and Asperula scoparia providing the most cover. Sixteen 
native herb species were present in >60% of the plots. 
The inclusion of the paired plots of Alpine Way Sites 7-
11 reflects their more open canopy structure and the 
dominance of herb species in the understorey. These herb 
species generally grew right to the edge of the road 
surface. 
C) The third group consisted of 2 road verge and 6 paired 
plots occurring at high montane or low subalpine 
altitudes along the Alpine Way and Guthega Road. These 
plots generally contained few introduced species, and the 
introduced species present provided little cover. The 
only introduced species present in >60% of the plots were 
Hypochoeris radicata, Dactylis glomerata and Picris 
hieracioides. The most characteristic native species were 
Eucalyptus pauciflora, Bossiaea foliosa and Paa 
ensiformis. The Group C plots generally had a dense shrub 
understorey, with most individual herb species providing 
<5% cover. 
D) The fourth group consisted of a single plot, the 
paired plot sampled at Guthega Road Site 2. This was the 
only site sampled within the montane tract which had a 
high water table. The vegetation of this plot was 
dominated by Baeckea utilis and Leptospermum lanigerum, 
with a dense understorey of Juncus and Carex spp. 
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E) Group E consisted of 9 plots sampled along the 
Kosciusko Road at altitudes above 1500 m. The only two 
road verge plots included in this group occurred in the 
unsealed alpine section of the road, where native species 
grew to the edge of the road surface. This group of plots 
had the lowest cover of introduced species. The 3 species 
occurring in >50% of the plots (Rumex acetosella, 
Hypochoeris radicata and Taraxacum officinale) are the 
most widely naturalised introduced species in the alpine 
and subalpine zones of Kosciusko National Park, and are 
able to colonise and persist in relatively undisturbed 
vegetation. Although several of the plots were dominated 
by low shrubs, the native species most characteristic of 
these plots was the grass Poa costiniana, which generally 
provided L15% cover. Other characteristic species were 
the herbs Microseris lanceolata, Poa hiemata, Craspedia 
spp. and Celmisia sp., although these provided less cover 
than Poa costiniana. 
Using data for all 48 sites, there is a significant 
positive correlation between the cover of introduced 
species in the road plots and the cover of introduced 
species in the corresponding paired plots (r=0.60, 
p<.0001), and between the number of introduced species in 
the respective road verge and paired plots (r=0.75, 
p<.0001) (Figures 13 & 14). 
Susceptibility of the Vegetation Adjacent to Roadsides to 
Weed Invasion 
The average cover of introduced species in the 
native plant communities adjacent to roadsides was ~2.6% 
per plot in the "Eucalyptus delegatensis" montane forest, 
the "E. pauciflora ssp. niphophila" subalpine woodland 
and the treeless alpine and subalpine vegetation (Table 
5). Descriptions of these vegetation types are given in 
the methods section. Although there were not equal 
numbers of plots sampled within each road disturbance 
class, the data (supplemented by field observations) 
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TABLE 5. The average diversity and cover of introduced species in the 
main native plant communities adjacent to the sampled roads, 
and in the corresponding road verge vegetation. 
Paired plots 
NOS SPP. 
PER PLOT 
(MEAN .±. SE) 
COVER 
PER PLOT 
(MEAN .±. SE) 
Eucalyptus radiata - E. viminalis "community" 
MINOR ROADS (n=6) 6.7 .±. 2.2 7.9 .±. 3.1 
Road verge plots 
NOS SPP. 
PER PLOT 
(MEAN .±. SE) 
12.2 .±. 1.7 
COVER 
PER PLOT 
(MEAN .±. SE) 
33.2 .±. 7.6 
E. dalrympleana - E. pauciflora ssp. pauciflora "community" 
MAJOR ROADS (n=8) 11.5 .±. 2.9 
E. delegatensis "community" 
MINOR ROADS (n=9) 
FIRE TRAILS (n=1) 
1 .8 .±. 0.8 
0 
16.2 .±. 5.8 
2.6 .±. 1. 7 
0 
E. pauciflora ssp. niphophila "community" 
MAJOR ROADS (n=1) 
MINOR ROADS (n=5) 
FIRE TRAILS (n=5) 
1.0 
1.8 .±. 0.6 
1 .2 .±. 0.5 
0.5 
2.4 .±. 1.2 
2.6 .±. 1.4 
Treeless alpine and subalpine vegetation 
MAJOR ROADS (n=5) 
MINOR ROADS (n=3) 
FIRE TRAILS (n=3) 
KEY: 
5.0 .±. 1.4 
0.7 .±. 0.7 
1.3.±_0.7 
2.0 .±. 0.6 
0.3 .±. 0.3 
2.3 .±. 1.2 
29.3 .±. 3.8 
9.0 .±. 1.0 
2.0 
9.0 
8.6 .±. 2.1 
3.2 .±. 0.6 
17.0 .±. 1.7 
4.7 .±. 0.9 
1.3 .±. 0.7 
62.7 .±. 5.2 
17.5 .±. 2.4 
3. 1 
48.6 
40.9 .±. 14.4 
5.3 .±. 2.9 
64.6 .±. 15.6 
11.2.±_5.7 
0.7 .±. 0.3 
n number of plots sampled in each "community" at 
a particular level of road usage 
SE = Standard error 
indicated that the level of road disturbance did not 
significantly affect the average introduced species cover 
in these three vegetation types. The numbers of 
introduced species established in each of these 
communities were also low, averaging <2 per plot for each 
level of road disturbance. The exception to this was an 
average of 5 introduced species per plot recorded for the 
major road component of the treeless high altitude 
vegetation. This probably relates to the considerably 
higher diversity of introduced species in the road verge 
plots of these sites (Table 5). 
The cover of introduced species was relatively high 
in the "Eucalyptus dalrympleana - E. pauciflora ssp. 
pauciflora" and the "E. radiata - E. viminalis" montane 
forests, averaging 16.2% and 7.9% per plot respectively. 
The higher cover of introduced species in the former 
forest type may appear significantly greater than that of 
the remaining vegetation types because all the plots were 
adjacent to major roads, with an average road verge 
introduced species cover of 62.7% (Table 5). However, the 
average cover of introduced species was similarly high 
(64.6%) for the road verge plots sampled along major 
roads adjacent to the treeless alpine and subalpine 
vegetation, and yet the average cover in these plots was 
only 2.0%. Thus there are probably other factors 
contributing to the greater susceptibility to weed 
invasion of the "Eucalyptus dalrympleana - E. pauciflora 
ssp. pauciflora" forests in addition to the degree of 
roadside disturbance. The average number of introduced 
species per plot was also highest in the "Eucalyptus 
dalrympleana - E. pauciflora ssp. pauciflora" and the "!L_ 
radiata - E. viminalis" montane forests, averaging 12 and 
7 species per plot respectively. The diversity of 
introduced species was also relatively high in the 
associated road verge plots (Table 5). 
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DISCUSSION 
Effects of Disturbance and Environmental Gradients 
Many authors (e.g. Amor & Piggin, 1977; Harper, 
1977; Crowder, 1983; Fox & Fox, 1986; Usher, 1988) have 
suggested that the cover and diversity of introduced 
species is related to the disturbance regime affecting a 
particular site, including the intensity and frequency of 
disturbance. The results from the current study provide 
support for this hypothesis. The results also indicate 
that the diversity and cover of introduced species vary 
along an altitudinal gradient (cf Harmon et al., 1983), 
with the magnitude of the difference in introduced 
species numbers and cover among the three road classes 
frequently depending on the altitude of the site. 
There was a significant inverse relationship between 
altitude and the diversity of introduced species in both 
the paired plots and the road verge plots. Forcella & 
Harvey (1983a) found that the difference in introduced 
species diversity between high and low altitude sites in 
Montana appeared to be most closely related to the number 
of frost-free months. In the current study, it also 
appears that the environmental conditions associated with 
high altitudes; such as low temperatures, high frequency 
of frosts and snow cover persisting for several months of 
the year; prevent the successful establishment of many 
introduced species. It is also possible that some of the 
species which appeared to be restricted to the montane 
tract in Kosciusko National Park may have had 
insufficient time to reach their maximum geographic 
potential (Salisbury, 1961; Baker, 1965; Forcella & 
Harvey, 1983b; Forcella, 1985; McDonald & Jarman, 1984; 
Mallen-Cooper, Chapter 5 of this thesis). 
There was also a significant inverse relationship 
between altitude and introduced species cover in the 
paired plots, but the introduced species cover in the 
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road verge plots did not decrease with increasing 
altitude for any level of road usage. This suggests that 
in disturbed sites such as road verges, the introduced 
species which are able to survive the conditions 
associated with a high altitude environment can provide 
an equally high cover (and proportional cover) to that 
provided by the greater diversity of species established 
in disturbed sites at lower altitudes (cf Walsh, Barley & 
Gullan, 1984). This did not seem to be possible in the 
absence of major disturbance. The lower cover of 
introduced species in the high altitude paired plots 
probably not only reflects the altitudinal constraints on 
plant growth, but also relates to the relatively complete 
ground cover provided by the native shrubs and herbs in 
the subalpine and alpine vegetation adjacent to 
roadsides. In a study of introduced species establishment 
in the alpine zone of Kosciusko National Park, none of 
the tested species (Rumex acetosella, Rumex crispus & 
Verbascum virgatum) were able to germinate from seed in 
undisturbed native plant communities with a complete 
vegetation cover, even with the addition of fertiliser 
(Mallen-Cooper, Chapter 5 of this thesis). 
The cover and diversity of introduced species was 
considerably lower in the paired plots than in the road 
verge plots. Frenkel (1970), Amor & Stevens (1976), 
Forcella & Harvey (1983a) and Wester & Juvik (1983) 
similarly found that the cover of introduced species 
decreased with increasing distance from the road surface. 
Since the introduced species present on the road verges 
are (at least initially) the source of propagules for the 
spread into adjacent vegetation, it is not surprising 
that the highest diversity (and to a lesser extent cover) 
of introduced species in the paired plots occurred in the 
sites with the highest diversity (and cover) of 
introduced species on the road verges. 
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In contrast to the findings of Fox & Fox (1986) and 
Brockie et al. (1988), the highest introduced species 
diversity occurred in the paired plots which had the 
highest numbers of native species. Fox & Fox suggested 
that the native species in a more diverse native species 
assemblage are better able to utilise any spare 
resources, and therefore better able to prevent new 
species from establishing. However, a high native species 
diversity may also reflect greater environmental 
heterogeneity of a site, perhaps as a result of a 
disturbance regime which generates conditions suitable 
for the recruitment, growth and reproduction of plant 
species (Grubb, 1977; Denslow, 1980; Pickett, 1980; 
Sousa, 1984). The main types of disturbance in the 
vegetation adjacent to roads are probably fire, animal 
activities, extreme weather conditions (such as late 
frosts or particularly heavy snowfalls) and the spread of 
material onto the existing vegetation during road 
maintenance activities and periods of heavy rainfall. 
With a source of introduced species seed available on the 
nearby road verges, the gaps made available for 
recolonisation by a particular disturbance may be filled 
by introduced species rather than colonising native 
species, depending on the particular conditions created 
in the gap and the morphological and reproductive traits 
of the available colonising species. 
The major dispersal agent between the road verges 
and the adjacent vegetation is probably wind (Hill & 
Stevens, 1981; Scott & Davison, 1985). Four of the six 
f orb species found in ~ 9 paired plots were members of 
the family Asteraceae, and each had a well-developed 
pappus attached to the "seed" (cypsella) for dispersal by 
wind. These species were Hypochoeris radicata, Picris 
hieracioides, Cirsium vulgare and Taraxacum officinale. 
As all plots were located on the downslope (fill) road 
batters, some smaller seeds (e.g. Centaurium erythraea, 
Juncus effusus) may have been transported by water into 
the adjacent vegetation. In addition, both native and 
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introduced animals probably disperse seed into the 
vegetation adjacent to roadsides, particularly in the 
montane tract where animals such as kangaroos, wombats 
and rabbits are more abundant. Herbivorous animals are 
often attracted to the road verges by the dense growth of 
the widespread and palatable pasture grasses and clovers. 
Introduced species seeds may be dispersed by attaching 
externally to the animals (e.g. Echium vulgare) or may be 
able to retain their viability through the animal's 
digestive tract (e.g. Rubus fruticosus spp. agg.)(Amor & 
Stevens, 1976). 
Susceptibility of Native Vegetation to Weed Invasion 
The susceptibility of different vegetation types to 
invasion by introduced plants depends partly on the 
availability and ecological tolerance of introduced 
species propagules and partly on the current and past 
disturbance regimes (Fox, 1988). In addition to the 
alteration of the natural disturbance processes (see 
introduction), the Kosciusko area was grazed by stock 
during the summer months for over 100 years before the 
area was gazetted as a State Park in 1944 (becoming a 
National Park in 1967). It was also frequently burnt by 
the graziers in autumn to promote the growth of palatable 
pasture in the following spring. When discussing the 
spread of introduced species from disturbed road verges 
into adjacent vegetation, it must therefore be remembered 
that virtually all areas have been modified to some 
extent by past land use practices. 
Thus it is perhaps surprising that only 2 of the 5 
broad vegetation types sampled adjacent to roadsides in 
the current study (Table 5) had an average introduced 
species cover L2.6% and an average introduced species 
diversity >5 per plot, irrespective of the level of road 
disturbance. These were the "Eucalyptus dalrympleana - E. 
pauciflora ssp. pauciflora" and the "E.radiata - E. 
viminalis" montane forests. The plots sampled in both 
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communities had a relatively open eucalypt canopy and a 
well-developed herb stratum. Shrubs, if present, were ~2m 
in height and did not generally form a continuous layer. 
In an overview of weed invasion into native 
vegetation communities in Victoria, Gullan (1988) found 
that vegetation with an understorey dominated by grasses 
and herbs was the most susceptible to invasion by exotic 
plants. Gullan suggested that since most introduced 
species in Victoria are herbaceous (and likewise in 
Kosciusko National Park), they are well-adapted to 
colonising this type of environment (cf Frenkel, 1970; 
Wester & Juvik, 1983). Gullan also believed that 
vegetation communities with a herbaceous understorey 
frequently experienced a higher grazing pressure by 
native animals, feral animals (e.g. rabbits) and/or by 
domestic stock (see also Groves & Williams, 1981). The 
disturbance caused by grazing animals creates suitable 
conditions for the colonisation and persistence of 
introduced species. Rabbits and large native herbivores 
are certainly more abundant in the montane forests than 
in the high altitude areas of Kosciusko National Park. It 
is also possible that the herbaceous understorey 
vegetation of the "Eucalyptus dalrympleana - E. 
pauciflora ssp. pauciflora" and the "E.radiata - E. 
viminalis" montane forests may have been utilised more 
heavily by stock prior to the cessation of leasehold 
grazing in Kosciusko National Park, particularly as many 
of the plots sampled in these communities were close to 
areas of former or existing cleared pasture land. 
Additionally, montane forests were able to be grazed by 
stock throughout the year, whereas grazing was only 
possible during the summer months in the subalpine and 
alpine areas. 
A higher availability of light near the ground 
surf ace may also contribute to the higher weed 
populations in plant communities with a more open 
overstorey canopy (Frenkel, 1970; Amor & Stevens, 1976; 
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Forcella & Harvey, 1983a). A study of three forest 
communities adjacent to a section of the Dart Road near 
Dartmouth, Victoria (Amor & Stevens, 1976) indicated that 
the highest frequency of introduced species was recorded 
in a forest dominated by Eucalyptus rubida, E. radiata, 
E. viminalis and E. st.johnii, with an understorey of low 
shrubs and herbs. This open forest was very similar in 
composition and structure to the "E.radiata - E. 
viminalis" forests sampled in the current study. 
The milder environmental conditions experienced in 
the "Eucalyptus dalrympleana - E. pauciflora ssp. 
pauciflora" and the "E.radiata - E. viminalis" forests as 
a result of their lower altitudes, and their location 
close to the edge of the Park may also increase their 
susceptibility to weed invasion relative to the other 
vegetation types sampled. Most of the sites sampled in 
these two communities were located <10 km from the 
boundary between the Park and surrounding rural areas. 
These sites are likely to receive a higher number of 
introduced species seeds dispersed from surrounding areas 
by natural agents such as wind and animals, and by 
vehicles and their occupants (Smith & Patterson, 1978; 
Christensen & Burrows, 1986; Usher, 1988). The introduced 
species cover and diversity was much lower in the paired 
plots sampled in the "Eucalyptus delegatensis" community, 
although the sampling sites had a similar altitudinal 
range to those of the "E. dalrympleana - E. pauciflora 
ssp. pauciflora" community. This probably relates to 
their greater distance from the Park boundary, a dense 
and multi-layered understorey which prevents much light 
from reaching the ground surface, and the relatively 
infrequent disturbance of the plots by vehicles and road 
maintenance activities. 
All the paired plots sampled in alpine and subalpine 
plant communities had a low cover of introduced species, 
with no significant difference among road disturbance 
levels. Johnson (1982), McDougall (1982); Forcella & 
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Harvey (1983a), Wester & Juvik (1983), Bayfield et al. 
(1984) and Cole (1986) similarly found that high altitude 
vegetation communities appeared to be resistant to weed 
invasion. While light availability to the ground surface 
appeared to predispose the "E. dalrympleana - E. 
pauciflora ssp. pauciflora" and the "E.radiata - E. 
viminalis" forests to weed invasion, introduced species 
seemed to be unable to colonise the high altitude 
vegetation to any extent whether the site was shaded or 
light-saturated. The spread of weeds into these 
communities appears to be restricted by the altitudinal 
changes in other environmental parameters; the high 
native species cover in the ground layers of vegetation; 
and perhaps by the low levels of available soil nutrients 
(Costin, 1975). Soil nutrients and soil moisture 
(sometimes in conjunction with fire regimes) have been 
shown to influence the susceptibility of native 
vegetation to introduced species invasions in other parts 
of Australia (Specht, 1963; Adamson & Buchanan, 1974; 
Burrell, 1981; McDougall, 1982; Kirkpatrick, 1986; Hobbs 
& Atkins, 1988). In particular, in his study of Victorian 
alpine plant communities McDougall (1982) demonstrated 
that the small areas of vegetation developed on the more 
fertile soils derived from basalt had a higher diversity 
and cover of introduced species than the vegetation 
developed on the less fertile soils derived from granitic 
and metamorphic bedrock. 
Soil nutrients and moisture levels were not measured 
in the current study, but may help to interpret the 
complex relationship between disturbance and the 
susceptibility of native plant communities to weed 
invasion. Nutrient availability is often increased as a 
result of disturbance in addition to light and space 
(Bunting, 1960; Marks, 1974; Sousa, 1984; Fox & Fox, 
1986). Where light and space are available to germinating 
seedlings, nutrients are often utilised more rapidly by 
introduced species than by native species (e.g. Dunbar, 
1974; Chilvers & Burdon, 1983; Mallen-Cooper, Chapters 6, 
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7 & 8 of this thesis). Mallen-Cooper showed that several 
widespread native herbs from subalpine areas of Kosciusko 
National Park (e.g. Poa spp., Acaena anserinifolia, 
Craspedia sp. F and Celmisia sp.) were rapidly overtopped 
by introduced herbs (e.g. Rumex acetosella, Hypochoeris 
radicata, Rumex crispus and Agrostis capillaris) when 
grown in multispecies mixtures at moderate and high 
nutrient levels. 
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APPENDIX 1. The diversity and cover of introduced and native species 
in each road verge and paired plot, and major environmental 
variables associated with each sampling site. 
Road Verge Plots Paired plots 
ROAD SITE NO ALT ASP SLOPE NOS NOS cov cov NOS NOS cov cov 
NAME & TYPE ( m) ( 0) ( 0) INT NAT INT NAT INT NAT INT NAT 
( % ) ( % ) ( % ) ( % ) 
Kos Rd 1 MA 1020 80 8 38 1 7 76.5 7.0 26 39 48.4 57.6 
Kos Rd 2 MA 1220 flat 0 47 16 76.6 1 2. 6 20 51 26.2 66.6 
Kos Rd 3 MA 1440 290 8 31 1 0 38. 1 4.2 2 26 1 . 0 83.6 
Kos Rd 4 MA 1510 275 1 22 18 62.9 14.5 8 29 3.2 88.2 
Kos Rd 5 MA 1580 290 1 0 20 11 82.7 22.5 8 1 6 3.6 89.1 
Kos Rd 6 MA 1720 20 4 1 5 1 112. 7 0. 1 5 28 2. 1 124.6 
Kos Rd 7 MA 1780 170 4 1 3 7 40.5 2.3 1 37 0.5 100.0 
Kos Rd 8 MA 1785 165 10 15 13 24. 1 5.3 3 31 0.7 9 3. 1 
Kos Rd 9 MI 1880 280 18 5 29 7.1 68.9 2 36 1 . 0 86.7 
Kos Rd 10 MI 2020 120 11 3 11 4.0 37.0 0 6 0.0 1 07. 0 
Alp Way 1 MA 1220 340 7 15 26 60.6 25.1 6 35 2.6 198.0 
Alp Way 2 MA 1280 340 6 34 21 79.3 17.2 8 38 6. 1 102.6 
Alp Way 3 MA 1380 320 17 17 12 64.5 13.1 11 38 22.2 153. 1 
Alp Way 4 MA 1460 350 18 18 1 5 153. 1 7. 1 1 3 24 78.5 56.5 
Alp Way 5 MA 1560 185 20 9 11 48.6 10.5 1 18 0.5 169. 6 
Alp Way 6 MI 1400 210 18 1 0 22 18. 7 82.5 1 23 0.5 167.5 
Alp Way 7 MI 1080 105 32 6 30 17.5 76.0 8 31 5.7 137.6 
Alp Way 8 MI 800 275 30 7 33 8.5 53.5 5 45 1 9. 1 183.1 
Alp Way 9 MI 540 10 10 17 33 50.5 87.3 1 7 43 13.1 1 37. 5 
Alp Way 1 0 MI 600 235 7 1 3 37 45.6 99.1 5 37 2.5 105.9 
Alp Way 11 MI 600 265 2 9 30 12.0 86.5 7 33 11 . 0 164.5 
Guth Rd 1 MA 1300 20 39 26 11 46.6 5. 1 1 4 49 20.3 96.3 
Guth Rd 2 MA 1260 300 1 3 31 27 93.2 26.9 1 2 38 13.1 129.9 
Guth Rd 3 MA 1340 340 40 26 15 59.5 29.5 5 26 2.5 70.7 
Guth Rd 4 MI 1560 320 25 16 21 35.0 59.6 2 29 1 . 0 123.3 
Link Rd 1 MI 1710 40 4 8 30 28.5 58.2 3 4.0 
Sehl Rd 1 MI 1530 70 9 10 1 9 97.7 33.6 3 6.5 
Sehl Rd 2 MI 1710 230 8 6 30 22.5 99.2 0 0.0 
Sehl Rd 3 MI 1760 215 1 5 4 22 21. 5 86.6 0 0.0 
Sehl Rd 4 MI 1540 260 24 5 23 22.0 94.5 1 0.5 
Sehl Rd 5 MI 1420 55 30 6 26 8.0 77.7 3 1 . 5 
Sehl Rd 6 MI 1260 260 29 6 30 5. 1 62.0 0 0.0 
Sehl Rd 7 MI 1200 85 28 12 35 21 . 0 97.2 1 0. 1 
Sehl Rd 8 MI 1180 15 38 1 0 29 15.0 69.9 1 0. 1 
Sehl Rd 9 MI 1100 105 25 6 30 22.5 88.0 1 0. 1 
Sehl Rd 1 0 MI 1180 70 30 13 18 21 . 5 102.5 0 0.0 
Sehl Rd 11 MI 1060 125 30 1 2 1 5 28.0 58.1 1 15.0 
Sehl Rd 1 2 MI 980 280 28 10 26 47.7 45.5 3 1 . 1 
Sehl Rd 13 MI 600 140 40 1 7 32 34.7 76.7 3 0.7 
Val Ft 1 FT 1700 280 1 2 5 34 4.6 66.2 2 6.0 
Val Ft 2 FT 1690 205 1 0 3 35 3.6 100.6 2 6.0 
Val Ft 3 FT 1580 11 0 5 0 37 0.0 105.9 0 0.0 
GM Ft 1 FT 1620 230 7 2 31 1 . 0 81. 6 2 3.5 
GM Ft 2 FT 1660 185 4 2 16 1 . 0 64.1 2 3.5 
GM Ft 3 FT 1810 21 5 2 2 29 1 . 0 89.7 0 0.0 
GM Ft 4 FT 1810 350 2 2 33 1 . 0 114.5 2 1 . 0 
GM Ft 5 FT 1600 210 1 2 4 25 16.5 82.6 0 0.0 
GM Ft 6 FT 1300 60 4 2 20 3. 1 77.6 0 0.0 
KEY: 
Kos Rd Kosciusko Rd ALT Altitude 
Alp Way Alpine Way ASP Aspect 
Guth Rd Guthega Rd INT Introduced species 
Link Rd Link Rd NAT Native species 
Sehl Rd Schlinks Rd cov Percentage cover 
Val Ft = Valentine Fire Trail 
GM Ft Grey Mare Fire Trail 
MA Major road site 
MI Minor road site 
FT Fire trail site 
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CHAPTER 3. 
THE ABOVE GROUND AND SOIL SEEDBANK FLORAS OF ROAD VERGES AND 
ADJACENT NATIVE VEGETATION ALONG AN ALTITUDINAL GRADIENT IN 
KOSCIUSKO NATIONAL PARK, AUSTRALIA. 
ABSTRACT 
A study was made of the above ground and soil seedbank 
floras of 10 sites located along a roadside altitudinal 
gradient (1020m to 2020m) in central Kosciusko National Park, 
south-eastern New South Wales. Each site was divided into 2 
sampling plots (for measurement of the above ground 
vegetation) and 3 sampling transects (for measurement of the 
soil seedbank), located at different distances from the road 
surface. The major aim of the study was to determine the 
effects of altitude and distance from the road surface on the 
diversity and abundance of introduced species. 
The above ground and soil seedbank floras of the 
disturbed road verges were dominated by introduced species at 
all altitudes, although the diversity of introduced species 
decreased with increasing altitude. However, in the 
relatively undisturbed vegetation adjacent to the roadsides, 
the diversity and especially the abundance of introduced 
species were high only at the 2 lowest altitude sites. 
A large proportion of the introduced species at the low 
altitude sites were annuals. The majority of introduced 
species at higher altitudes were perennials, although the 
annual species Spergularia rubra was abundant in the 
seedbanks of the high altitude road verge sites. Most of the 
native species in both the road verge and adjacent vegetation 
sites at all altitudes were perennials. 
Seedbank densities (estimated from the number of 
seedlings germinating from the soil samples over a four year 
period) generally decreased with increasing distance from the 
road surface, and with increasing altitude for the vegetation 
adjacent to the roadsides. There was no significant 
relationship between altitude and seedbank density for the 
road verge seedbank samples. The highest recorded average 
seedbank density was 11,124 seeds/m2 for the montane road 
verge sites, and the lowest average density was 2,955 
seeds/m2 for the alpine sites sampled at a distance of 15m 
from the boundary of physical roadside disturbance. The 
influence of land use practices, the abundance of herbaceous 
species in the above ground vegetation communities, the 
natural vegetation dynamics and the physical site conditions 
are suggested as reasons for these high densities. 
The numbers of introduced species seeds in the soil 
seedbank samples generally decreased rapidly with increasing 
soil depth, but there was no consistent relationship between 
native species seed abundance and depth. For both native and 
introduced species, grasses generally had the highest 
proportions of their total seeds in the surface soil. The 
species occurring in the seedbank samples were nearly all 
herbaceous, even where the above ground vegetation was 
dominated by tree and shrub species. 
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At intermediate and high altitudes it appears that the 
relatively complete vegetation cover of the vegetation 
adjacent to roadsides, combined with the more severe 
environmental conditions, is effective in limiting the 
colonisation and establishment of introduced species from 
either above ground propagule dispersal or from soil seed 
reserves. To decrease the likelihood of introduced species 
invasion into the plant communities adjacent to the road, it 
is essential to minimise disturbance of the native 
vegetation. 
INTRODUCTION 
The soil seedbanks of most plant communities are 
dominated by herbaceous species, particularly by early 
successional herbaceous species (e.g. Chippindale & Milton, 
1934; Oosting & Humphreys, 1940; Livingston & Allessio, 1968; 
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Johnson, 1975; Thompson, 1978; Donelan & Thompson, 1978). 
Their presence in the soil enables the rapid re-establishment 
of vegetation after disturbance, by species which are 
distributed in time as well as space (Fenner, 1985). 
Knowledge of the likely composition of re-establishing 
vegetation is particularly important in areas of high 
conservation value, such as national parks and nature 
reserves (Jefferson & Usher, 1987). 
Introduced plant species have colonised disturbed and 
sometimes undisturbed sites within most natural areas, and 
have spread from such sites by natural and human-aided 
dispersal. In Kosciusko National Park, south-eastern New 
South Wales, disturbances have resulted from recreational 
activities and their associated infrastructure, from hydro-
electric developments and facilities, and as a legacy from 
former grazing of stock within the Park. Introduced species 
may decrease the conservation, recreation and aesthetic 
values of natural areas (Fox & Adamson, 1986; Mallen, 1986; 
Cowie & Werner, 1987; Lonsdale et al., 1988; Usher et al., 
1988). 
An understanding of the potential for the spread of 
introduced species from known sites of infestation to 
adjacent vegetation communities, and conversely the ability 
of native vegetation to resist weed invasion, is of great 
importance for the management of natural areas. It appears to 
be influenced by many factors, including the composition and 
cover of the existing vegetation; light availability; 
altitude; soil texture, moisture and nutrient availability; 
climatic constraints and the degree of disturbance (Amor & 
Stevens, 1976; Lane, 1979; Forcella & Harvey, 1983; Wester & 
Juvik, 1983; Fox & Fox, 1986; Mallen, 1986; Lonsdale et al., 
1988). 
Both Forcella and Harvey (1983) and Wester and Juvik 
(1983) studied the invasion of introduced species from 
roadsides into adjacent native vegetation along an 
altitudinal gradient. Forcella and Harvey (1983) considered 
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the spread of introduced species into montane and subalpine 
forests and grasslands in Montana, U.S.A, and found that only 
in the low montane sites were introduced species able to 
colonise the vegetation adjacent to roadsides in significant 
numbers. Wester and Juvik (1983) studied the plant 
composition within 3m of the road surface between altitudes 
of SOOm and 2500m on the slopes of the Mauna Loa volcano in 
Hawaii. They found that the introduced species were more or 
less confined to a distance of 0-2 metres from the road 
surface at all altitudes, and could rarely establish on the 
lava flow substrate adjacent to the road surface. Both 
studies reported a decrease in the number and abundance of 
introduced species with increasing altitude. 
However, the potential for introduced species 
establishment in native vegetation following a disturbance 
relates not only to the species expressed in the above ground 
vegetation and species able to disperse to the site from 
surrounding areas, but also to the species which are present 
as dormant seeds in the soil. Seeds of introduced species 
have been found in the soil of apparently undisturbed 
vegetation located at some distance from a known site of weed 
infestation (Howard & Smith, 1979; Lonsdale et al., 1988). 
Soil seedbanks are of ten very important in maintaining 
populations of weedy species (Sagar & Mortimer, 1976; 
Roberts, 1981). 
There has been considerable interest in the composition 
and abundance of seeds stored in the soil beneath 
agricultural and natural vegetation types (see the reviews by 
Thompson, 1978; Roberts, 1981 and Silvertown, 1982). However, 
relatively few studies have been carried out in high altitude 
areas, particularly those considering differences in seed 
abundance and diversity over a range of altitudes. It is 
frequently suggested that high altitude seedbanks, together 
with high latitude seedbanks, have low seed densities as a 
result of environmental stress (e.g. Thompson, 1978). This 
appears to be generally true for the high latitude seedbanks, 
at least in undisturbed vegetation (Johnson, 1975; Leck, 
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1980; Freedman et al., 1982; Gartner et al., 1983), with most 
densities ranging from 0-250 seeds/m2 . The only exception to 
this was found by McGraw (1980), who recorded an average seed 
density of 3367/m2 in an undisturbed Alaskan cottongrass 
tussock tundra. 
The results from the few alpine studies have been more 
variable. Exemplifying the case for low seedbank densities in 
high altitude regions, Whipple (1978) recorded only 3 - 53 
seeds/m2 in an undisturbed oldgrowth subalpine forest in 
Colorado. It apppears that the seed input into some alpine 
communities is also low (Ryvarden, 1971, 1975; Elven & 
Ryvarden, 1975). However, two studies of high altitude 
seedbanks in Britain gave considerably higher seed densities 
(Milton, 1939; Miller & Cummins, 1987). Miller & Cummins 
recorded approximately 44000 - 48000 seeds/m2 in high montane 
and subalpine vegetation in the Cairngorm Mountains, 
Scotland, most of which were seeds of Calluna vulgaris. 
Although no detailed figures are provided, the numbers of 
seeds of other (predominantly herbaceous) species still 
averaged >1320 seeds/m2 in the subalpine zone. In a study of 
montane, subalpine and alpine vegetation in the Mont Jacques-
Cartier area of Quebec, Morin & Payette (1988) found that the 
number and abundance of species in the seedbank did not 
decrease with increasing altitude, although there were major 
changes in species composition. 
In Australia, relatively few studies have been made of 
the seedbanks in non-agricultural areas (e.g. Carroll & 
Ashton, 1965; Howard, 1974; Hodgkinson et al., 1980), and 
these have mostly been carried out in low altitude vegetation 
communities (<600m). The only study of a high altitude 
seedbank was carried out by Howard and Ashton (1967), who 
took a single 1 ft 2 sample from each of a mature and a 
regrowth subalpine woodland at Lake Mountain, Victoria. The 
seed densities obtained from these samples were 1625 and 374 
seeds/m2 in the mature and regrowth woodlands respectively. 
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This study aims to investigate the species diversity and 
abundance of both the above ground and soil seedbank floras 
in relation to altitudinal position and distance from a 
source of disturbance (the Kosciusko Road) in the central 
region of Kosciusko National Park. Particular emphasis is 
given to the introduced species components of the floras. 
Roads may facilitate the entry of introduced plants into new 
areas by providing suitable habitats for their establishment 
along the road margins, and by enhancing the dispersal of 
their propagules attached to vehicles and their occupants 
(Frenkel, 1970; Wace, 1979). By comparing the above ground 
and seedbank floras, some insight can be gained about the 
past vegetation history of the sites, as well as determining 
the species likely to re-establish at the sites following any 
disturbance. 
Further specific aims of this study are: 
a) to determine the relationships between soil depth and the 
diversity and abundance of seed in the soil; 
b) to determine whether there are differences in the 
composition of the soil seedbank samples collected at 
different time periods (spring and autumn); and 
c) to review the results in the context of similar studies 
carried out in Australia and overseas. 
The term introduced species in this paper refers to any 
species not native to the Kosciusko region. The soil seedbank 
or below ground flora refers to the population of dormant but 
viable seeds found in the soil. Seeds have been defined in 
their broadest sense, and include fruits as well as true 
seeds (Roberts, 1981). 
METHODS 
Sampling Sites and the Measurement of the Above Ground 
Vegetation. 
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The vegetation of the road verges and the vegetation 
adjacent to the road verges were measured along the Kosciusko 
Road (or Summit Road) over an altitudinal range of 1020m to 
2020m (Figure 1). The Kosciusko Road extends from Jindabyne 
to the summit of Mount Kosciusko (2228m), and was originally 
built as a tourist road between 1906 and 1909. The road is 
now sealed to an altitude of approximately 1840m, just above 
Charlotte Pass ski resort. In 1974, the unsealed section of 
the road above 1840m was closed to all traffic except 
authorised vehicles and a shuttle bus service. In 1983 the 
shuttle bus service was discontinued, and vehicle traffic on 
this section of the road is now limited to emergency and 
special use as authorised by the New South Wales National 
Parks and Wildlife Service. It has, however, become a popular 
walking track. 
In addition to its role as a general tourist route, the 
Kosciusko Road services the ski resorts of Smiggin Holes, 
Perisher Valley, Charlotte Pass and Guthega; as well as Snowy 
Mountain Hydro-Electric Authority equipment and 
installations. Axle counter readings on the Kosciusko Road at 
the Kosciusko National Park Entrance Station (Figure 1) show 
that the number of vehicles using the Kosciusko Road has 
increased from approximately 159400 in 1967 to 321100 in 
1986. The percentage of vehicles using the Kosciusko Road 
during the ski season (approximately June to September 
inclusive) has increased from 49% in 1967 to 69% in 1986 (New 
South Wales National Parks and Wildlife Service, unpublished 
records). 
The distance by road from the Kosciusko National Park 
Entrance Station to the summit of Mount Kosciusko is 
approximately 39 km. Ten sites were measured at 4 km 
intervals over this distance, with the first site located at 
FIGURE 1. 
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the sampling sites. 
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an altitude of 1020m at a distance of 1.75 km from the 
Entrance Station. The tenth site was located approximately 2 
km from the summit of Mount Kosciusko at an altitude of 2020m 
(Figure 1). Although altitude increases with increasing 
distance from the Entrance Station, the differences in 
altitude between successive sampling sites are not equal 
(Table 1). The natural vegetation adjacent to the road at 
sites 1, 2 and 3 is montane woodland, dominated by one or 
more of Eucalyptus pauciflora ssp. pauciflora, !L_ 
dalrympleana and E. rubida. Sites 4 to 8 are subalpine 
grassland and heath, and sites 9 and 10 are alpine heath and 
grassland respectively. Site characteristics and dominant 
plant species are given in Table 1. No sites were measured in 
subalpine woodland, a vegetation type dominated by one tree 
species (Eucalyptus pauciflora ssp. niphophila), as the 
Kosciusko Road generally follows the valleys where cold air 
drainage and/or high soil moisture levels restrict the growth 
of E. pauciflora ssp. niphophila. 
At sites 1 to 8 inclusive, the vegetation composition 
and cover were recorded in two plots of dimensions 20m 
(parallel to the road surface) x 6m (perpendicular to the 
road surface). The sample area of 120m2 was determined by 
constructing species-area curves of both road verge and 
adjacent vegetation at 7 sites covering the full range of 
altitudes. The area of 120m2 contained >95% of species 
measured in the largest plot area (200m2 ) for both road verge 
and adjacent vegetation, and was approximately twice the area 
suggested by the inflection point of the species-area curves. 
The first plot at each site was laid out immediately 
adjacent to the road surface, with a second plot located in 
the native vegetation adjacent to the road verge beginning Sm 
from the edge of physical site disturbance (Figure 2). This 
method was used by Forcella & Harvey (1983) to compare road 
verge and adjacent vegetation in Montana, U.S.A. All plots 
were laid out on the downslope side of the road to maximise 
the potential for the dispersal of road verge species into 
the adjacent vegetation. The boundary between the edge of 
TABLE 1. 
ALTITUDINAL 
ZONE & SITE 
NUMBER * 
Montane 
2 
3 
SubalQine 
4 
5 
6 
7 
8 
AlQine 
9 
10 
KEY: 
Sampling site characteristics. 
ALT. ASPECT SLOPE VEGE.TYPE DOMINANT DISTANCE FROM 
(M) (0) (0) OVERSTOREY ROAD SURFACE TO 
SPECIES EDGE OF PHYSICAL 
ROADSIDE DISTURB. 
(M) 
1020 80 8 Woodland E. rubida 10 
E. pauciflora 
1220 flat 0 Woodland E. dalrympleana 12 
E. pauciflora 
1440 290 8 Woodland E. dalrympleana 19 
E. pauciflora 
1510 275 Grassland Poa spp. 7 
1580 290 10 Grassland Poa spp. 6 
1720 20 4 Wet heath Richea continentis 23 
Epacris paludosa 
Baeckea gunniana 
1780 170 4 Heath Phebalium ovatifolium 9 
Baeckea gunniana 
Grevillea australis 
1785 165 10 Open heath Phebalium ovatifolium 12 
Poa spp. 
Empodisma minus 
1880 280 18 Heath Phebalium ovatifolium $2 
Grevillea australis 
Prostanthera cuneata 
2020 120 11 Grassland Poa spp. $3 
Danthonia nudiflora 
E.sp. Eucalyptus sp. 
* For information on definitions and characteristics 
of these altitudinal zones, refer to Chapter 1 and 
Costin (1954). 
$ Distance from edge of plant colonisation on 
road surface to edge of physical roadside 
disturbance in the alpine plots 
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physical roadside disturbance and the relatively undisturbed 
adjacent vegetation was estimated after a visual inspection 
of the site. In terms of absolute distances from the road 
surface, the distance Sm from the edge of physical roadside 
disturbance varied between 11m and 28m from the road surface 
itself, with an average distance of 17.3m (Table 1). 
For the two alpine sites (sites 9 and 10) where the road 
surface is unsealed, the zone of physical roadside 
disturbance is considerably narrower than in the lower 
altitude sites. In these two sites only, vegetation was 
recorded in plots of dimensions 30m (parallel to the road 
surface) x 4m (perpendicular to the road surface). In all 
plots, every vascular plant species was recorded, and an 
estimate of its cover was made using the Braun-Blanquet 
cover-abundance scale (Braun-Blanquet, 1932). The plots were 
sampled between 18 November 1983 and 9 December 1983. 
Measurement of the Below Ground Vegetation (Soil Seedbanks). 
At each of the 10 sites described above, samples were 
also taken of the soil stored seed (soil seedbank). The 
seedbank floras were measured at two time intervals to ensure 
an adequate representation of the majority of species. The 
time intervals selected were late spring 1984 (14-24 November 
for sites 1 to 8 inclusive; 5 December for site 9 and 7 
January for site 10) and autumn 1985 (13-15 April for all 
sites). The alpine sites (sites 9 and 10) were sampled later 
than the remaining lower altitude sites in the spring 
sampling period, as they were still snow-covered in November 
1984. Each alpine site was sampled immediately it emerged 
from the snow cover. 
Samples of the soil seedbanks were taken with a corer 
Bern in depth and diameter. In each sampling period (spring 
and autumn), ten cores were taken along each of 3 transects 
parallel to the road surface. The first transect was 3m from 
the road surface, corresponding to the centre of each of the 
road verge vegetation plots (Figure 2). In the alpine plots 
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only, this road verge transect was located on the dirt road 
surface itself at a distance of 1m from the edge of plant 
colonisation. The second transect corresponded to the centre 
of the above ground adjacent vegetation plots at a distance 
of 8m from the edge of physical roadside disturbance. The 
third transect was located 15m from the edge of roadside 
disturbance. It was not possible to sample larger distances 
from the road surface without encountering changes in the 
composition of the above ground vegetation in several of the 
subalpine and alpine sites. 
The soil cores were divided into 3 depth intervals; 0-2 
cm, 2-4 cm and 4-8 cm. Material from the ten cores sampled 
per transect distance per site was combined for each depth 
interval. Soil was transported from the field to an unheated 
glasshouse in Canberra, A.C.T. Although the climate in 
Canberra is not as severe as that experienced in Kosciusko 
National Park, its moderately high summer temperatures and 
low winter temperatures (mean minimum and mean maximum 
temperatures for January are 13.0°c and 27.7°C respectively, 
and for July are -0.3°c and 11.1°c respectively) provided 
suitable conditions for the germination of a large number of 
species, including many species restricted to high altitudes 
in Kosciusko National Park. 
Soil was spread out in flat plastic trays (34cm x 29cm x 
6cm) containing approximately 3cm of a mixture of heat 
sterilised loam (50%), sand (25%) and vermiculite (25%). 
Trays were placed randomly in the glasshouse and were watered 
daily in summer and as required in winter. Seedling emergence 
was recorded over a 4 year period, and seedlings were removed 
from the trays once they were identified and recorded. 
Species which were difficult to identify as seedlings were 
transplanted from the trays into pots and grown to maturity. 
The soil of the trays was stirred at intervals to promote 
germination. Additionally, trays in which no seedlings had 
emerged for a 6 week period were completely dried out, 
coarse-sieved, and re-wetted. 
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Randomly placed control trays were used to detect the 
presence of air-borne seed. A few individuals of Epilobium 
ciliatum, Oxalis corniculata and Conyza bonariensis grew in 
these control trays. As these species were also found growing 
in small accumulations of soil in between the bricks at the 
base of the glasshouse, and were not found in the above 
ground flora of any of the Kosciusko Road sample plots, their 
presence in the seedbank trays was excluded from all 
analyses. 
Analysis 
A 3-way fixed factor analysis of variance was applied to 
the seedbank results, modelling the effects of the factors 
altitude (site location), distance from the road surface and 
time of sampling (spring or autumn) on the logged (according 
to the function log10 [x + 1]) numbers and diversity of 
introduced and native species seed. Depth was not included in 
the analysis as a separate factor, as the depth interval 
samples come from the same cores and are therefore not 
independent (see Lonsdale et al., 1988). The analysis was 
carried out using the GLM procedure of the SAS statistical 
package (SAS Institute, 1988). 
Principle co-ordinates analysis, using a floristic 
matrix generated by the Bray-Curtis dissimilarity measure, 
was used to investigate the relationships among the seedbank 
samples and among the above ground vegetation samples. The 
Bray-Curtis dissimilarity coefficients were transformed into 
Euclidean form using the Gower "correction" (Belbin, 1988, 
p144). Species abundance combined for the 3 depth intervals 
was used as the measurement variable in the determination of 
the dissimilarity measures for the seedbank samples, and 
species cover was used as the measurement variable for the 
above ground vegetation. The cover for individual species of 
the above ground flora was determined by transforming the 
original Braun-Blanquet cover-abundance values to the 
midpoints of the cover intervals represented by each class. 
Thus the percentage cover for classes R, +, 1, 2, 3, 4 and 5 
are 0.1, 0.5, 3.0, 15.0, 37.5, 62.5 and 87.5% respectively. 
Species recorded in a single sample were omitted from the 
analyses. These analyses were carried out using the PATN 
programme developed at CSIRO (Belbin, 1988). 
The relationships between the above ground species 
diversity and the below ground species diversity were 
investigated using simple linear regression. The remaining 
information was presented as raw data or percentages, and 
listed in table or graphic form. 
RESULTS 
The Above Ground Flora 
1. Road Verge Plots. 
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The number of introduced species recorded in the road 
verge plots decreased relatively uniformly with increasing 
altitude from a maximum of 47 at site 2 to a minimum of 3 at 
site 10 (Figure 3a). The number of introduced species as a 
percentage of the total number of species occurring at each 
site was generally >60% for all montane and subalpine sites, 
but decreased to 15% and 21% at sites 9 and 10 respectively. 
These two alpine sites had a higher proportion of native 
species in the road verge plots because the native vegetation 
grew to the edge of the road surface itself, and the 30m x 4m 
plots included approximately 30m x 1m of this native 
vegetation. 
The high proportion of introduced species at all montane 
and subalpine road verge sites was even more obvious in terms 
of introduced species cover than in terms of introduced 
species diversity. Using the cover values obtained by 
transforming the Braun-Blanquet cover-abundance estimates to 
the midpoints of each Braun-Blanquet interval, the average 
percentage of introduced species cover as a proportion of the 
total road verge vegetation cover was 88% for all montane and 
subalpine sites (Figure 4a). All road verge introduced 
FIGURE 3. The number of introduced and native species in the above 
ground road verge plots, divided into numbers of annual, 
biennial_ and perennial species. 
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species were herbaceous with the exception of Malus spp. 
(Apple trees), which occur as scattered individuals along the 
road verges and their near environs throughout this part of 
Kosciusko National Park (cf Smith, 1982). 
A high proportion of the introduced species at the 
lowest altitude sites were annual species, with both sites 1 
and 2 containing 7 annual grasses and 18 annual 
dicotyledonous forbs (Appendix 1). Species were divided into 
annual, biennial and perennial growth forms according to 
information provided in published floras (Burbidge & Gray, 
1976; Willis, 1978 & Costin et al., 1979), although it is 
realised that growth forms may vary within the distributional 
range of an individual species according to specific 
environmental conditions. The number of introduced annual 
species in the road verge plots generally decreased with 
increasing altitude (Figure 3a). Annual species provided 29-
56% of the total vegetation cover in the three montane sites, 
but in these sites most of the individual annual species had 
low cover values. The annual species with the highest cover 
values in the montane sites were Trifolium arvense, Aira 
caryophyllea and Vulpia spp. At intermediate and high 
altitudes, where the most frequently occurring annual species 
were Spergularia rubra, Polygonum arenastrum and Poa annua, 
the annual species provided ~5% of the total vegetation cover 
of each road verge site (Figure 4a). 
In contrast to the trends described for the annual 
species, the number of perennial introduced species expressed 
as a proportion of the total number of introduced species 
increased rapidly from site 1 to site 4, after which the 
majority of introduced species were perennials (Figure 3a). 
Perennial introduced species comprised >77% of the total 
vegetation cover of all subalpine road verge sites (Figure 
4a). The most frequently occurring introduced perennial 
species were Agrostis capillaris and Rumex acetosella, which 
were found in all road verge plots. Hypochoeris radicata, 
Taraxacum officinale, Trifolium repens, Festuca rubra, 
Dactylis glomerata and Poa pratensis occurred in ~6 of the 10 
road verge plots. The frequent occurrence of the last four 
species listed reflects the long usage of such pasture 
grasses and clovers in roadside revegetation programmes in 
Kosciusko National Park (Mallen, 1983). 
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Biennial species contributed approximately 10% of the 
introduced species diversity of all except the three highest 
altitude plots, with the commonest species being Verbascum 
virgatum and Cirsium vulgare. However, the maximum cover 
provided by biennial species was 3.6% of the total road verge 
cover (Figures 3a & 4a). 
Except for the two alpine plots, the diversity of native 
species in the road verge plots was generally considerably 
lower than the equivalent introduced species diversity, and 
the native species provided little cover (Figures 3b and 4b). 
Most of the native species colonising the road verges were 
perennials, although at the two lowest altitude road verge 
plots annual species provided approximately 20% of the total 
native species numbers (Figure 3b). These annual species 
comprised scattered individuals of Crassula sieberana, 
Wahlenbergia gracilenta, Daucus glochidiatus, Juncus bufonius 
and Gypsophila australis. The only annual native species 
found at higher altitude road verge sites was Poranthera 
microphylla. The perennial native species were primarily 
grass seedlings and forb species which colonise intertussock 
spaces, such as the widespread Carex breviculmis, Luzula 
spp., Gnaphalium spp. and Senecio gunnii. Most roadside plots 
also contained 1 or 2 shrub seedlings (and/or tree seedlings 
in the montane sites), all of which were less than 1m in 
height. Gnaphalium involucratum was the only native biennial 
species found in the above ground road verge plots, occurring 
in low numbers at site 1. 
2. Adjacent Native Vegetation Plots. 
In the plots adjacent to the roadsides, where the 
boundary closest to the road was located Sm from the edge of 
physical roadside disturbance, the diversity and especially 
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the cover of introduced species was low at all except the two 
lowest altitude sites (Figures Sa and 6a). All the introduced 
species found at altitudes above site 2 had cover values <1% 
(Appendix 1). Even in the two lowest altitude sites, only two 
species provided more than S% of the total vegetation cover. 
These were the annual species Trifolium arvense (sites 1 and 
2) and Aira caryophyllea (site 1 only). Four additional 
introduced species provided 1- S% cover at site 1 (Dactylis 
glomerata, Hypochoeris radicata, Vulpia megalura and Crepis 
capillaris), while one additional species provided 1-S% cover 
at site 2 (Trifolium campestre). The only introduced species 
which were found in more than three sites in the vegetation 
adjacent to the roadsides were the perennial forbs Rumex 
acetosella, Hypochoeris radicata and Taraxacum officinale. 
These species occurred in 6, 7 and 8 of the possible ten 
plots respectively. 
Virtually all the native species present in the adjacent 
vegetation plots were perennial species (Figures Sb & 6b). 
The native species composition at each site varied according 
to the vegetation type, which was either montane woodland, 
grassland or heath (refer to Table 1 & Appendix 1). Depending 
on the vegetation type, Eucalyptus spp., shrub species, grass 
species (especially Poa spp.) and/or Empodisma minus (Rope-
Rush) provided a high percentage of the above ground cover. 
All plots except the highest altitude sod tussock grassland 
contained a wide variety of perennial dicotyledonous forbs 
(with an average of 1S species per plot), but together these 
generally provided less than 20% of the total species cover. 
Principal co-ordinates analysis of all species found in 
the above ground vegetation plots showed a division of the 
plots into three broad groups when plotted against the first 
two principal co-ordinates (Figure 7). One group comprised 
both the road verge and the adjacent vegetation plots of all 
montane sites (Group 1). A second group comprised the 
subalpine road plots (Group 2), and the third group comprised 
the subalpine adjacent vegetation plots and all the alpine 
plots (Group 3). The first two principal co-ordinates 
FIGURE s. The number of introduced and native species in the 
above grol.llld adjacent vegetation plots: divided into 
numbers of annual, biennial and perennial species. 
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FIGURE 7. Ordination of the 20 above ground plots, produced 
by principal co-ordinates analysis. 
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explained 42% of the total variance. Where only the native 
species were used in the ordination (not shown in 
diagrammatic form), Group 3 could be further subdivided into 
plots with an overstorey of shrub species (sites 6, 7 and 9) 
and predominantly grassland plots (sites 4, 5 and 10), linked 
by site 8 which was intermediate in character between the two 
sub-groups. 
Soil Stored Seed 
General Results. 
A total of 57 introduced and 116 native species 
germinated from the soil seedbanks of the 10 sites, combining 
the data from the two sampling periods. These species 
contributed a total of 13729 introduced seeds and 7733 native 
seeds in the combined spring and autumn samples. Most of the 
species germinating were herbaceous, with both native and 
introduced woody species being poorly represented or absent 
from the seedbank samples. It must be remembered that the 
seed numbers and species diversities recorded in this study 
(estimated by the number of seedlings and species germinating 
from the samples over a 4 year period) only provide an 
approximation of the true seed densities and species 
diversities represented in each plot. It is likely that the 
true seed densities and species diversities are higher than 
those presented in this study (refer to discussion for a 
detailed explanation). 
As this study is more concerned with comparative results 
(between different altitudes, distances from the road 
surface, depths and seasons) rather than absolute seed 
abundances, most of the results are reported in terms of seed 
numbers and species numbers per sample. The sample refers to 
the soil combined from ten cores, as described previously. 
However, to enable broad comparisons to be made with studies 
carried out in other high altitude and high latitude 
environments, seedbank densities for the three broad 
altitudinal divisions (montane, subalpine and alpine) are 
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listed below in terms of seeds/m2. These densities averaged 
for the spring and autumn samples and listed at increasing 
distances from the road surface were 11124 (3m), 9184 (8m) 
and 7177 (15m) seeds/m2 for the montane sites; 9765 (3m), 
4738 (Sm) and 4965 (15m) seeds/m2 for the subalpine sites; 
and 10462 (3m), 3945 (Sm) and 2955 (15m) for the alpine 
sites. In the road verge samples there was no noticeable 
decrease in seed density with increasing altitude, but there 
was a progressive decrease in seed density with increasing 
altitude in the vegetation adjacent to roadsides at both 8m 
and 15m distances. 
Most of the germination occurred within 12 months of 
collection, with all the seeds of some grass species (e.g. 
Phleum pratense) germinating within 3 months of collection. 
However, many species produced seedlings over a two to three 
year period, suggesting that different seeds of certain 
species have slightly different germination requirements. 
These included Trifolium arvense, Juncus spp., Carex 
breviculmis, Poa spp. and Centaurium erythraea; which all 
experienced pronounced secondary flushes of germination in 
the second and sometimes third years, particularly in the 
spring. Thus, for example, 159 of the total 297 seeds of 
Trifolium arvense present in the surface soil of site 2 (8m 
distance, autumn sample) germinated in the spring of the 
third year after collection. Very few species germinated from 
the seedbank samples in the 4th year, and these were 
predominantly Agrostis capillaris. While at least some seeds 
of most species germinated within a year of collection, a few 
species did not germinate for 12-1S months after collection 
(e.g. Richea continentis and Empodisma minus). 
There were generally highly significant differences in 
the logged native and introduced species diversities and 
abundances with altitudinal position (site location) and with 
distance from the road surface (Table 2), and no significant 
differences with the time of collection of the soil samples. 
The exception to the above occurred in the native species 
seed abundance, for which altitudinal position was not 
TABLE 2. Analysis of variance for the (logged) introduced and 
native species diversity and abundance in response to 
site, distance from the road and time of sampling. Data 
used in the analyses were totals for the entire sample 
depth (D-8 an). 
SPECIES DIVERSITY SPECIES ABUNDANCE 
log10(no. of 
introd.spp +1) 
F Prob>F 
SITE 40.2 0. 0001 
(9 df) 
DISTANCE 64.3 0. 0001 
(2 df) 
SEASON 2.5 0. 1343 
(1 df) 
SITE x DISTANCE 2.5 0.0305 
(18 df) 
SITE x SEASON 0.9 0.5314 
(9 df) 
DISTANCE x SEASON 2.9 0. 1540 
(2 df) 
KEY F = F ratio 
log 10(no. of 
native spp +1) 
F Prob>F 
3.0 0.0241 
33. 1 0.0001 
1. 1 0.3052 
1. 7 0. 1307 
0.8 0.6642 
0.9 0.4406 
df = degrees of freedom 
log10(introd. log 10(native 
spp abund. +1) spp abund. +1) 
F Prob>F F Prob>F 
17. 8 0.0001 0.3 0. 9542 
154.3 0.0001 58. 7 0. 0001 
0.5 0.5046 5.5 0.0303 
5.9 0.0002 2.8 0.0188 
2.4 0.0534 1.0 0.5104 
1.4 0.2655 0. 3 0. 7565 
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significant and the time of collection was significant. For 
all variables except native species diversity there was a 
significant interaction between altitudinal position and 
distance from the road surface. Thus the magnitude of the 
differences in species abundance and diversity for a given 
distance from the road surface generally depended on the 
altitude of the site. The interaction between altitude and 
distance from the road surface, plus the relationships 
between seed diversity and abundance with soil depth and time 
of collection, are interpreted in detail in the following 
sections. 
Ordination of the soil seedbank samples against the 
first two principal co-ordinates enabled the samples to be 
divided into three major groups, similar in composition to 
the groups formed using the above ground vegetation plots. As 
the results for the spring and autumn samples were similar, 
only the ordination of the autumn samples is provided (Figure 
8). In this ordination the first two principal co-ordinates 
explained 39% of the total variance. The montane 3m, 8m and 
15m autumn seedbank samples comprised one major group of the 
ordination (Group 1). The similarity between the road verge 
and adjacent vegetation samples of these sites reflects the 
much higher degree of introduced species invasion (at 
considerable distances from the road surface) at these lower 
altitude sites. However, some of the species common in all 
road verge seedbanks (such as those used in revegetation 
programmes) were not found in the soils of the montane 8m and 
15m seedbanks. This led to the 3m montane samples being 
almost intermediate between the montane 8m and 15m samples 
and the second major group, which consisted of the remaining 
(subalpine and alpine) 3m samples (Group 2, Figure 8). The 
third major group comprised the subalpine and alpine 8m and 
15m samples (Group 3). The site 10 3m sample was again almost 
intermediate between groups 2 and 3, which reflects the much 
lower roadside disturbance at this highest altitude site. The 
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FIGURE 8. Ordination of the 30 autumn seedbank samples 
produced by principal co-ordinates analysis. 
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broad division of the groups into road verge and adjacent 
vegetation samples and/or on altitudinal position confirms 
the significance of these factors (and their interaction) in 
influencing the species composition of the seedbank samples. 
Road Verge Sites. 
a) Altitudinal Trends. 
The diversity of introduced species in the 3m road verge 
samples generally decreased with altitude, decreasing from 16 
to 25 species in the montane sites to 4 to 7 species in the 
alpine sites (Figure 9, a & c). The abundance of introduced 
species seed was high at all road verge sites, with an 
average of 463 and 489 seeds germinating from the spring and 
autumn samples respectively (Figure 10, a & c; Appendices 2 & 
3). All the introduced species recorded from the 10 road 
verge sites were herbaceous. Introduced perennial herbs 
generally comprised >35% of the total seed numbers at all 
sites. They were particularly abundant in sites 3 to 7 
inclusive, where in the spring sampling period they comprised 
63% to 94% of the total seedbank (Figure 10a). The most 
widespread perennial species were Agrostis capillaris and 
Rumex acetosella, which occurred in the seedbanks of all road 
verge sites in both sampling periods. Poa pratensis, 
Trifolium repens, Hypochoeris radicata and Cerastium fontanum 
ssp. triviale occurred in ~5 sites in either or both sampling 
periods. 
The numbers of seeds of annual herbs were high at both 
ends of the altitudinal gradient, but were generally low at 
intermediate altitudes. Although both the highest and lowest 
altitude sites sampled had a high proportion of introduced 
annual species seed, the diversity of annual species was much 
greater at the low altitude sites (Figure 9, a & c). In the 
high altitude sites the abundance of annual seed resulted 
from the contribution of a single species, Spergularia rubra, 
which comprised 40-70% of their total road verge seedbanks. 
At low altitudes the annual species with the largest soil 
FIGURE 9. The number of introduced and native species in the 
spring and autumn 3m seed bank samples, divided into 
numbers of annual, biennial and perennial_ species. 
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seed stores in the spring samples were Centaurium erythraea, 
Trifolium arvense, Aira caryophyllea, Trifolium glomeratum, 
Trifolium campestre and Vulpia spp. Additional annual species 
which were abundant in the low altitude autumn samples were 
Myosotis discolor, Erophila verna and Crepis capillaris. 
These latter three species were present only in low numbers 
in the spring samples, and it is likely that most of their 
seed had germinated by the time the spring samples were 
collected. 
Biennial species, particularly Verbascum virgatum and 
Verbascum thapsus, were found in low to moderate numbers in 
the soil seedbanks of the three montane sites, but were 
virtually absent from the remaining sites (Figure 10, a & c). 
Their contribution to the seedbank was higher in the spring 
samples than in the autumn samples. As these species 
overwinter as a rosette, it is likely that some of their seed 
germinated prior to the autumn soil collection. 
Relatively few native species were represented in the 
road verge seedbanks (Figures 9 & 10, b & d; Appendices 2 & 
3). The native species composition at each site varied 
according to altitude and to the type of vegetation adjacent 
to the road verge, although most species were herbs which are 
able to colonise open patches in the native vegetation. 
Occasional shrub seeds were found in the seedbanks of the 
intermediate altitude sites, but Cassinia uncata was the only 
shrub species which had more than one seed germinating from a 
single road verge sample. 
For the spring samples, the abundance and diversity of 
native species seed generally decreased with altitude 
(Figures 9b & 10b). The diversity of native species was 
nonetheless relatively high considering the very low seed 
numbers (<50 native seeds per sample), with most samples 
containing ~6 native species. In the autumn samples, sites 2, 
3 and 10 had higher native seed abundance than the remaining 
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sites, and higher than the abundance of all the spring 
samples (Figure 10d). This was due to large numbers of Juncus 
bufonius at sites 2 and 3, and to a large number of Poa spp. 
seed at site 10, presumably from recently shed seed. 
Most of the native species seed found in the road verge 
seedbanks were perennial species, particularly in the 
subalpine and alpine sites (Figure 9, b & d). The most 
widespread native perennial species were Carex breviculmis 
and Oxalis exilis, which occurred in the road verge seedbanks 
over the entire altitudinal range. Most other native 
perennial species had narrower altitudinal limits, such as 
the restriction of Luzula flaccida, Gnaphalium japonicum and 
Juncus filicaulis to lower altitude sites. The only annual 
native species found at high altitudes were the grass species 
Agrostis venusta and Agrostis australiensis. At lower 
altitudes, all annual native species were forbs. The most 
abundant annual species occurring at low altitudes was Juncus 
bufonius, with Wahlenbergia gracilenta, Crassula sieberana, 
Chenopodium pumilio, Daucus glochidiatus and Gypsophila 
australis occurring in low numbers. 
b) Seed Abundance and Diversity in Relation to Depth. 
The diversity of introduced species was generally 
highest in the first 2 cm of soil (hereafter referred to as 
the surface soil), particularly at low altitudes (Figure 11, 
a & c). When taking into account that the lowest depth 
interval (4-8 cm) represents twice the soil volume of the two 
upper depth intervals, it is apparent that introduced species 
diversity decreased with increasing soil depth. 
The abundance of introduced species seed similarly 
decreased with increasing soil depth (Figure 12, a & c). The 
average number of introduced species seeds germinating from 
the surface soil of each road verge sample was 281 for both 
the spring and autumn samples, and the numbers at some 
individual sites were much higher. The average numbers of 
introduced species seeds germinating from the 2-4 cm depth 
-FIGURE 11. The number of introduced and native species in the spring 
and autumn 3m seedbank samples, divided into the 0-2 cm, 
2-4 cm and 4-8 cm depth intervals. 
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interval were 120 and 110 for spring and autumn respectively, 
and were 97 and 62 for the 4-8 cm depth interval. The 
variability in seed numbers among sites was much lower for 
the two lower depth intervals than for the surface soil. The 
only peak of introduced species seed abundance for the 2-4 cm 
depth interval occurred at site 5 in the spring sampling 
period, and was the result of high numbers of Rumex 
acetosella seed. Similarly there was only one peak of 
introduced species seed abundance for the 4-8 cm depth 
interval, which occurred at site 6 in the autumn sampling 
period and was the result of high numbers of Agrostis 
capillaris seed. These two anomalies may represent earlier 
phases of intensive disturbance, possibly as a result of snow 
clearing close to the Smiggin Holes and Perisher Valley ski 
resorts. Both Rumex acetosella and Agrostis capillaris are 
able to remain viable in the soil for relatively long periods 
(Hill & Stevens, 1981). 
In contrast to the trends described for the introduced 
species diversity versus depth, the native species diversity 
in the road verge seedbanks was generally similar or higher 
in the two lower depth intervals than in the surface soil 
(Figure 11, b & d). The abundance of native species seed was 
low at all depth intervals at most sites (Figure 12, b & d). 
However, the only two peaks of native species seed abundance 
occurred in the surface soil. These were at sites 3 and 10 
for the autumn sampling period, and represented high numbers 
of Juncus bufonius and native Poa spp. seed respectively. As 
the seeds of these species were virtually limited to the 
surface soil, they were probably recent additions to the 
seedbank. 
The numbers of both native and introduced species seed 
found in each depth interval for selected life form groups 
are given in Table 3. These figures show a cumulative total 
for the ten road verge sites. There are clear differences in 
the proportions of seed recorded in the surface soil between 
the native and introduced species, even given that the sample 
sizes were much smaller for the native species. For the 
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TABLE 3. The numbers of introduced and native species seed 
recorded in each depth interval for selected life form 
groups, swnmed for the 10 sites. 
SPRING SEED BANK AUTUMN SEED BANK 
DISTANCES 3M SM 15M 3M BM 15M 
FROM ROAD 
*0-2 2-4 4-8 0-2 2-4 4-8 0-2 2-4 4-8 0-2 2-4 4-8 0-2 2-4 4-8 0-2 2-4 4-8 
Introduced 
SQecies 
Grasses 943 334 206 183 19 16 50 5 8 736 294 378 160 13 14 54 12 2 
Sedges & 75 15 18 19 41 19 16 15 15 171 17 11 17 33 28 15 30 21 
rushes 
Perennial 521 493 189 156 35 13 38 13 1 640 214 156 115 28 21 73 39 13 
dicot. forbs 
Biennial 138 68 44 24 15 0 10 6 1 77 27 20 14 2 8 4 l 3 
dicot. forbs 
Annual 1135 292 163 516 93 63 121 97 45 1220 546 405 534 118 83 357 486 256 
dicot. forbs 
Native 
Soecies 
Shrubs 2 6 0 39 29 28 22 36 25 6 1 3 58 25 30 73 35 36 
Grasses 9 11 13 159 101 65 180 69 54 170 21 19 437 196 132 364 124 91 
Sedges & 21 24 25 290 177 179 257 207 176 146 53 43 265 211 201 3 64 203 154 
rushes 
Perennial 16 25 24 112 87 95 110 131 124 13 18 20 131 169 135 177 204 79 
dicot. forbs 
Biennial 3 10 8 27 17 15 2 1 1 1 8 3 1 1 17 2 2 0 
dicot. forbs 
Annual 5 1 11 23 10 6 1 1 0 1 34 6 13 13 3 16 20 17 
dicot. forbs 
* the depth intervals 0-2 cm and 2-4 cm together comprise 
half the sample volume 
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spring samples, the proportions of native species seed of all 
life form groups in the surface soil were less than half the 
equivalent proportions for the introduced species seed. For 
both native and introduced species, the life forms having the 
highest proportions of total seed in the surface soil were 
annual dicotyledonous forbs, grasses, sedges and rushes. For 
these life form groups the proportions of seed occurring in 
the surface soil varied from 64-71% for the introduced 
species and from 27-30% for the native species. 
Similar differences between the proportions of 
introduced and native species seeds occurring in the surface 
soil were obtained for the autumn samples, with the exception 
of the grasses. The proportion of native grasses in the 
surface soil was 81%, compared with 52% for the introduced 
grasses. Of the 210 native grass seeds found in the samples 
from the ten road verge sites, 200 came from the two alpine 
sites. Most of these were seeds of native Poa spp. These were 
probably seeds shed in the period immediately prior to 
collection. The disturbed areas in the alpine section of the 
road are virtually limited to the dirt surface of the road 
itself, with species colonising approximately 1m on each side 
of the road surface. At site 10, where 138 Poa spp. seeds 
were found in the surface soil, several adult plants of Poa 
overhang the road from a small raised bank and provide a 
source of seed to the road surface. 
c) Seasonal Effects. 
The total species diversity at each road verge site was 
broadly similar in the spring and autumn samples, and the 
most abundant and widespread seedbank species were generally 
represented in both sets of samples (Appendices 2 & 3). 
However, there were seasonal differences in the species 
composition of each site, particularly in the native species 
composition. This is not an unexpected result given that the 
native species were present in low numbers in the road verge 
seedbanks, and therefore it may not be possible to obtain a 
complete suite of native species without greatly increasing 
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the sample size. While on a site by site basis there appeared 
to be many species restricted to either the spring or autumn 
sampling period, when the information from all sites is 
considered there were very few species which were limited to 
one sampling period. These species were typically limited to 
the autumn samples, and included the native species 
Ranunculus pumilio and Trisetum spicatum, and the introduced 
species Dactylis glomerata, Anthoxanthum odoratum and 
Petrorhagia nanteuilii. These species may only remain viable 
for short periods in the soil, with most of the seed 
germinating soon after it is shed or early in the spring. 
Seed abundance was generally higher in the autumn 
samples than in the spring samples. Many species shed seeds 
in late summer and autumn which germinate early in the 
following spring, and therefore would have been present in 
reduced numbers in a sample taken in late spring. The 
differences in abundance between the samples generally 
reflected differences in abundance of the few species which 
dominated the seedbanks at each site, such as Rumex 
acetosella, Agrostis capillaris and Spergularia rubra. As the 
samples in each season were not replicated, these may 
represent the inherent variability of seedbank data rather 
than a seasonal difference. 
Seedbanks of the Vegetation Adjacent to Roadsides. 
a) Altitudinal Trends. 
Similar to the road verge seedbanks, the number of 
introduced species decreased with increasing altitude in the 
seedbanks of the vegetation adjacent to roadsides (Figures 13 
& 14, a & c). Only in the montane sites were there more than 
10 introduced species in the soil seedbanks sampled at 
distances of 8m and 15m from the edge of physical roadside 
disturbance (hereafter referred to simply as 8m and 15m 
distances). In the alpine and subalpine sites the average 
number of introduced species was 2.9 (spring) and 4.4 
FIGURE 13. The number of introduced and native species in the spring 
and autumn 8m seedbank samples, divided into numbers of 
annual, biennial and pe:renn:ial species. 
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FIGURE 14. The number of introduced and native species in the spring 
and autumn 15m seedbank samples, divided into numbers 
of annual, b:iennial and perennial species. 
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(autumn) at a distance of Sm, and an average of 3.6 (both 
spring and autumn) at a distance of 15m. The number of 
introduced species at a particular altitudinal site was 
relatively similar for the Sm and 15m distances. 
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The decrease in introduced species with increasing 
altitude was even more apparent in terms of seed abundance. 
At Sm, the two lowest altitude sites had high numbers of 
introduced seed (344 and 625 in spring; 457 and 546 in autumn 
at sites 1 and 2 respectively) but the remaining sites had 
less than 100 (and mostly less than 30) introduced species 
seeds per sample (Figure 15, a & c). At 15m, only the lowest 
altitude site had high numbers of introduced species seed 
(Figure 16, a & c). 
The introduced species at the two lowest altitude sites 
were primarily annual species (Figures 13 & 14, a & c), and 
were dominated by Centaurium erythraea, Trifolium arvense and 
Aira caryophyllea. At all other sites the number of annual 
introduced species seeds was ~9. Thus although on the road 
verges the annual introduced species Spergularia rubra was 
very abundant at high altitudes, it was absent or present in 
very low numbers in the seedbanks of the vegetation adjacent 
to roadsides. Where introduced species were present in the 
seedbanks of sites above site 2, they were generally 
perennial species. The most frequently occurring perennial 
species were Rumex acetosella, Agrostis capillaris, Cerastium 
fontanum ssp. triviale, Hypochoeris radicata and Juncus 
articulatus. Perennial species which had an abundance of at 
least 10 seeds at one or more sites were Juncus effusus, 
Rumex acetosella, Cerastium fontanum ssp. triviale, 
Hypochoeris radicata, Taraxacum officinale and Juncus 
articulatus. Biennial introduced species were generally 
limited to the three montane sites, and occurred in low 
numbers. 
Native species dominated the seedbanks of sites 3 to 10 
at both Sm and 15m distances, generally contributing more 
than 70% of the total seedbanks. The diversity of native 
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FIGURE 15. The abundance of introduced and native species seeds for the 
spring and autumn 8m seedbank samples, expressed as a percentage 
of the total seed numbers at each site. The data are divided into 
percent.ages of annual_, biennial. and perennial_ species; and the 
numbers at the top of each column are the total numbers of 
introduced (graphs a and c) and native (graphs b and d) species 
seeds at each site. 
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species was relatively high at most sites in the vegetation 
adjacent to roadsides, with generally ~14 species per sample 
(Figures 13 & 14, b & d). Except at low altitudes, native 
species diversity was generally slightly higher at 15m than 
at 8m. The lowest native species diversities were recorded 
for sites 3 and 10, with ~11 species per sample. Site 10 also 
had a low above ground species diversity (Figure 5). Site 3 
was the least diverse of the montane sites, but the above 
ground vegetation still contained 26 native species. However, 
the dominant species were Eucalyptus spp. and shrub species 
(a total of 10 tree and shrub species), none of which were 
represented in the seedbank samples. The scattered herbs 
present below the shrubs were interspersed with abundant 
shrub and eucalypt litter and rocky outcrops. Seed of the 
native herbs may have been retained in the surface litter, 
which was not sampled. Additionally the greater variation in 
surface topography at this site, resulting from the degree of 
rock outcropping, may have led to a greater concentration of 
seeds in localised areas. A greater sampling density may have 
been required at this site to get a full representation of 
the species present. 
The abundance of native species seed was generally 
greatest at intermediate altitudes, although in the spring 8m 
sample the numbers of native species seed were more uniformly 
distributed along the altitudinal gradient (Figures 15 & 16, 
b & d). The native species occurring in both the spring and 
autumn samples were almost entirely perennial species 
(Figures 13 to 16, b & d). The composition of these species 
varied with altitude and with the native vegetation type from 
which the samples were taken. The most widespread and 
abundant species were Carex breviculmis, Poa spp. and Luzula 
spp. The only sites in which annual native species 
contributed more than 10% of the total seedbank were sites 7 
(8m) and 8 (15m) for the spring sampling period. The annual 
species in these sites comprised moderate numbers of the 
native grasses Agrostis venusta and Agrostis australiensis. 
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b) Seed Abundance and Diversity in Relation to Depth. 
The number of introduced species generally decreased 
with depth at both Sm and 15m distances (Figures 17 & 1S, a & 
c). This trend was apparent for perennial, annual and 
biennial introduced species. For native species, there was no 
consistent relationship between species diversity and depth 
at either Sm or 15m, although the species diversity appeared 
to be higher in the surface soil (0-2 cm) than in the two 
lower depth intervals at both ends of the altitudinal 
gradient (Figures 17 & 1S, b & d). 
The abundance of introduced seed decreased with 
increasing soil depth, and most of the peaks of introduced 
species seed numbers were restricted to the surface soil 
layer (Figures 19 & 20, a & c). The relationship between 
native seed abundance and soil depth was again variable 
(Figures 19 & 20, b & d), but in the majority of sites the 
numbers of native seeds were higher in the surface soil than 
in the subsurface soil. Using the autumn samples as an 
example, an average of 76% (at Sm) and 79% (at 15m) of the 
total native seed was found in the top half of the soil 
sampled (0-4 cm). The equivalent percentages for the 
introduced species were S9% (Sm) and S7% (15m). 
The majority of native species were graminoids (grasses, 
sedges and rushes) and perennial dicotyledonous forbs. 
Combining information from the 10 sites, higher numbers of 
graminoids were found in the surf ace soil than in the two 
lower depth intervals, but the reverse was true for most of 
the perennial dicotyledonous forbs (Table 3). However, the 
proportions of native species seed found in the surface soil 
were still considerably lower than the equivalent proportions 
for introduced species for all life form groups except 
graminoids. For both native and introduced species, grasses 
generally had the highest proportion of seeds in the surf ace 
soil. 
FIGURE 17. The number of introdtx:ed and native species in the spring 
and autumn 8m seedbank samples. divided into the 0-2 cm. 
2-4 cm and 4-8 cm depth intervals. 
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FIGURE 18. The number of introduced and native species ill the spring 
and autumn !Sm seedbank samples, divided mto the 0-2 cm, 
2-4 cm and 4-8 cm depth mtervals. 
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FIGURE 19. The abundance of mtroduced and native species seeds occurring 
ill the 0-2 cm, 2-4 cm and 4-8 cm depth mtervals for the 
spring and autumn 8m seedbank samples. 
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FIGURE 20. The abundance of introd:oc:ed and native species seeds occurring 
in the 0-2 cm, 2-4 cm and 4-8 cm depth intervals fur the 
spring and autumn 15m seed.bank samples. 
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The proportions of introduced species seed occurring in 
the surface soil by life form groups were generally lower at 
15m than at 8m (Table 3). This was especially noticeable for 
the annual forbs, where the proportions decreased from 76% to 
46% in spring, and from 72% to 32% in autumn. In contrast, 
the proportions of native species in the surface soil by life 
form groups generally increased 5-10% between the 8m and 15m 
samples. 
c) Seasonal Effects. 
The abundance and diversity of introduced species in the 
vegetation adjacent to the Kosciusko Road were generally 
similar in both sampling periods for equivalent sites. The 
exception to this trend occurred at site 1, where the 
abundance of introduced species seed at 15m was approximately 
four times greater in autumn than in spring. This resulted 
from exceptionally high numbers of seed of the most abundant 
species in both seedbank samples, Centaurium erythraea (914 
seeds in the autumn sample compared with 161 in the spring 
sample). Native species diversity was relatively similar in 
both sampling periods, but there was a significant increase 
in native species seed abundance at all altitudes ln the 
autumn sampling period. These differences were generally a 
result of increased seed abundance of the commonly occurring 
graminoid species, such as Carex breviculmis, Luzula spp. and 
Poa spp. 
When information from all sites is considered, the 
species limited to a single sampling period were 
predominantly limited to the autumn sampling period. Twenty-
four native species and 8 introduced species were recorded 
only in the autumn samples, while 9 native species and 5 
introduced species were found only in the spring samples. All 
introduced species limited to one sampling period were 
present as either 1 or 2 seeds in the respective sample. 
Native species restricted to a single sampling period and 
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present in numbers of >3 per sample were Carex appressa and 
Scleranthus biflorus for the spring sampling period, and 
Trisetum spicatum, Viola sieberana and Mirbelia oxylobioides 
for the autumn sampling period. 
A Comparison of the Above Ground and Below Ground Floras 
The trends in the abundance and diversity of native and 
introduced species with altitude, distance from the road and 
soil depth were remarkably similar for the above ground 
vegetation and the seeds stored in the soil. There was a 
clear relationship of increasing species diversity in the 3m 
and 8m seedbanks with increasing species diversity in the 
corresponding above ground vegetation (Figure 21). The road 
verge vegetation was comprised almost entirely of introduced 
species, both in terms of above ground cover and below ground 
seed abundance. The diversity of both sources of these 
introduced species decreased with altitude. For both the 
above and below ground floras, introduced species comprised a 
high proportion of the total plant cover or the total soil 
seedbank of the vegetation adjacent to roadsides only at the 
two lowest altitude sites. At these sites annual species 
contributed a large proportion of the introduced flora, while 
perennial introduced species became dominant at higher 
altitudes in the above and below ground vegetation adjacent 
to roadsides. 
Despite the similarities in overall trends as described 
above, there were many differences in the above and below 
ground floras in terms of their species composition. The 
majority of overstorey tree and shrub species which were 
locally frequent to abundant in the above ground vegetation 
were absent or poorly represented in the soil seedbanks. This 
includes all Eucalyptus spp. and shrub species from a range 
of altitudes such as Phebalium ovatifolium, Prostanthera 
cuneata, Acacia spp., Bossiaea foliosa, Grevillea australis, 
FIGURE 21. The total number of specles in the above ground vegetation 
plots versus the total number of species in the spring and 
autumn soil seedbank samples for the road verge and adjacent 
native vegetation, showing the regression lines and correlation 
coefficients. 
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Mirbelia oxylobioides and Daviesia ulicifolia. The most 
abundant shrub species in the seedbank samples were Baeckea 
gunniana, Richea continentis, Epacris spp. and Cassinia 
uncata. 
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There were also many differences in the herbaceous 
species composition of the above and below ground floras. 
Generally less than half of the herbaceous species found in 
the above ground plots were also found in the soil seedbanks 
of the equivalent sites. This is not surprising considering 
the larger area over which the above ground plots were 
measured, especially as many of the species restricted to the 
above ground flora had a Braun-Blanquet cover-abundance value 
of + or R. For the road verge sites, the species limited to 
the above ground flora were mainly perennial grasses and 
short-lived perennial forbs which produce low to moderate 
numbers of seeds. These included Lolium perenne, Hordeum 
spp., Festuca rubra, Anthoxanthum odoratum, Holcus lanatus, 
Trifolium hybridum and Trifolium pratense. The native species 
restricted to the above ground road verge vegetation 
generally occurred as scattered individuals and/or had a 
limited dispersal range. 
Most of the herbaceous species which were common in the 
above ground vegetation, and/or had a cover of at least 1%, 
were also present in the corresponding soil seedbanks in at 
least one of the sampling periods. Above ground species with 
a cover >1% which were absent from both the corresponding 
spring and autumn seedbank samples are listed in Table 4. 
There were only six species with more than 1% above ground 
cover which were not found in the seedbank samples of any 
sites. These were the native forbs Aciphylla simplicifolia, 
Euphrasia collina, Oreomyrrhis ciliata and Lagenifera 
stipitata; the native grass Themeda australis and the moss 
Sphagnum sp. 
A number of both native and introduced species were 
present in the soil seedbanks, but were absent from the 
corresponding above ground floras (Table 5 lists those 
TABLE 4. Species with >1% cover in the above ground vegetation 
but absent from the corresponding spring and autumn 
seedbank samples, and the sampling sites in which 
they occurred. 
ROAD VERGE PLOTS 
(3M SEEDBANKS) 
ADJACENT VEGETATION PLOTS 
(SM SEEDBANKS) 
Introduced Petrorhagia nanteuilii (site 3) Dactylis glomerata (site 1) 
Species Trifolium hybridum (sites 5 & 6) 
Dactylis glomerata (site 7) 
Trifolium repens (site 7) 
Native 
Species 
KEY 
+Themeda australis (site 1) 
Acaena anserinifolia (site 2) 
Asperula pusilla (site 4) 
Empodisma minus (site 9) 
Poa costiniana (site 9) 
Celmisia sp. (site 10) 
Danthonia nudiflora (site 10) 
+Themeda australis (site 1) 
Hydrocotyle sp. (site 1) 
Leptorhynchos squamatus (site 
4) 
+Aciphylla simplicifolia 
(sites 4 & 5) 
+Sphagnum sp. (site 6) 
+Oreomyrrhis ciliata (site 6) 
Montia australasica (site 6) 
Craspedia spp. (sites 7 & 9) 
Empodisma minus (sites 8 & 9) 
+Euphrasia collina (site 9) 
+Lagenifera stipitata (site 10) 
+ Species not present in any seedbank samples 
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TABLE 5. Species with >5 seeds in the soil seedbank samples 
but absent from the corresponding above ground 
vegetation plots, and the sampling sites and time 
of sampling in which they oc=.arred. 
3M SEEDBANK SAMPLES 8M SEEDBANK SAMPLES 
Introduced Trifolium glomeratum (site l,S&A) Vulpia bromoides (site 1, A) 
Agrostis capillaris (site 1, 
S; site 4, S&A; site 6, S) 
Trifolium dubium (site 2, S) 
+Juncus effusus (site 2, S&A; 
Species +Trifolium cernuum (site 1, A) 
Native 
Species 
Trifolium campestre (site 2, S) 
Juncus articulatus (site 2, S&A) 
+Juncus effusus (site 2, S&A; 
site 3, S&A) 
Vulpia myuros (site 2, S&A) 
Poa annua (site 3, S; site 6, A) 
Sagina apetala (site 3, S) 
Spergularia rubra (site 4, S&A; 
site 5, S&A; site 6, A; 
Verbascum virgatum (site 5, S) 
site 3, S&A) 
Vulpia myuros (site 2, S) 
Juncus articulatus (site 6,A) 
Spergularia rubra (site 7, S) 
Rumex acetosella (site 10, S) 
site 10, S&A) 
Hypericum gramineum (site 1, S) Gnaphalium japonicum (site 1, 
Hypericum japonicum (site 1, S) A; site 2, A; site 3; S) 
Juncus bufonius (site 2, S&A) Hypericum japonicum (site 2, 
+Ranunculus pumilio (site 2, A) S; site 5, A) 
Wahlenbergia gracilis (site 2, A) +Chenopodium pumilio (site 2, 
Gnaphalium involucratum (site 2, S; site 3, A) 
S&A; site 4, S) Wahlenbergia stricta (site 3,S) 
Gonocarpus micranthus (site 8, S) 
+Agrostis venusta (site 10, S) 
Montia australasica (site 5, A) 
Baeckea gunniana (site 5, S) 
Gonocarpus micranthus (site 5, 
A) 
+Deyeuxia sp. (site 6, S&A) 
+Viola sieberana (site 6, A) 
Carex breviculmis (site 6, S&A; 
site 10, a) 
+Agrostis venusta (site 7, S&A) 
+Agrostis australiensis (site 8, 
S&A) 
Deyeuxia carinata (site 8, S&A) 
Deyeuxia monticola (site 9, 
S&A; site 10, A) 
KEY A = Autumn seedbank sample 
S Spring seedbank sample 
+ species not present in any 
above ground plots 
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species present in numbers ~5 in the seedbank samples). These 
may represent species formerly established at the site for 
which environmental conditions are no longer suitable, or 
species dispersed to the site from distances of more than 3m 
(the distance between the edges of the above ground 
vegetation plot and the soil seedbank sampling transect 
line). The introduced species restricted to the soil 
seedbanks of the road verges were mainly small, early 
successional annual species. These species typically produce 
very large numbers of seeds which are able to remain viable 
for long periods in the soil, and grow in open, disturbed 
habitats. Many of the road verge plots in fact had a 
relatively dense vegetation cover. These sites therefore no 
longer provide a suitable environment for the establishment 
of the low-growing annual species such as Spergularia rubra, 
Sagina apetala, Trifolium glomeratum and Poa annua. The 
sections of the road verges closest to the road surf ace are 
available for colonisation by these species, but their 
presence here is of ten transient and depends on the frequency 
and intensity of disturbance. At the low to intermediate 
altitude sites where the road verges included periodically 
wet areas in the form of ditches or depressions, Juncus 
articulatus and Juncus effusus seeds were often found in high 
numbers in the road verge seedbanks but were absent from the 
above ground vegetation. 
The introduced species absent from the above ground 
vegetation but present in the seedbanks of the vegetation 
adjacent to roadsides were again mainly annual species and 
perennial Juncus spp. at low and intermediate altitudes 
(Table 5). The most frequently occurring species were Vulpia 
spp., Trifolium dubium, Juncus effusus and Juncus 
articulatus. Juncus effusus was the only species whose seed 
was present in numbers of >14 per sample. At high altitudes 
there were very few introduced species which were restricted 
to the seedbank floras. These species were generally present 
in very low numbers, frequently as one seed per sample. The 
commonest species restricted to the seedbank floras of the 
high altitude sites was Agrostis capillaris. 
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The native species restricted to the soil seedbanks of 
both the road verges and the adjacent native vegetation were 
predominantly perennial species, and were generally present 
in low numbers only (Table 5; Appendices 2 & 3). The majority 
were species which colonise openings and/or intertussock 
spaces in the native vegetation, and have a relatively large 
seed output. They included some "weedy" native species such 
as Juncus bufonius, Chenopodium pumilio and Oxalis exilis. 
Three annual species were found in the soil seedbanks of 
three or more sites but were not recorded in any of the plots 
in the above ground vegetation, namely Agrostis 
australiensis, Agrostis venusta and Chenopodium pumilio. 
Even where herbaceous species were common to the above 
and below ground floras, their contributions to the total 
floras were often quite different. Thus for example the 
introduced forb Centaurium erythraea was one of the most 
abundant species in the low altitude seedbanks at all 
distances from the road surface, but provided minimal above 
ground cover. Conversely, species such as Dactylis glomerata 
and Festuca rubra which were abundant in several road verge 
plots were generally detected in very low numbers in the 
corresponding seedbanks. 
DISCUSSION 
Effects of Altitude and Existing Vegetation Cover 
The minimal invasion of introduced species into the 
native vegetation adjacent to the Kosciusko Road at high 
montane, subalpine and alpine altitudes is comparable with 
the findings of Forcella & Harvey (1983) and Wester & Juvik 
(1983). Similarly, this study also recorded a decrease in the 
diversity and abundance of introduced species with increasing 
altitude. However, Forcella & Harvey noted that introduced 
species cover was minimal at subalpine altitudes regardless 
of the level of disturbance. In Kosciusko National Park, the 
subalpine road verges had close to 100% introduced species 
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cover, and frequently had the highest introduced species 
numbers in the soil seedbank samples. A possible explanation 
for this difference is that Forcella & Harvey's 
classification of a weed did not include Eurasian taxa widely 
planted as forage species, such as Dactylis glomerata, Poa 
pratensis, Phleum pratense and Trifolium repens. Such species 
have been widely used in roadside revegetation programmes in 
Kosciusko National Park, and often contributed a high 
percentage of the cover of the subalpine road verge plots. 
In the vegetation adjacent to the Kosciusko Road, the 
dense cover of the shrub and/or herb vegetation at all 
subalpine and alpine sites (>85% at all sites, and averaging 
98%) appears to inhibit the colonisation of introduced 
species. The low numbers of introduced species seeds in the 
soil indicate that little seed remains from any past 
disturbances; and that the amount of seed currently 
dispersing to the site, penetrating the vegetation to reach 
the soil surface and remaining viable in the soil seedbank is 
low. The viability of seeds decreases over time, particularly 
for seeds in the surface soil (Roberts, 1962; Roberts & 
Feast, 1972; Kannangara & Field, 1985). 
Existing vegetation has been shown to prevent the 
germination of some dormant seeds by decreasing temperature 
and humidity fluctuations (Thompson et al., 1977; Thompson & 
Grime, 1983); and by selectively absorbing incident light of 
shorter wavelengths (Silvertown, 1980). This increases the 
ratio of far-red:red light at the soil surface, which acts on 
the phytochrome system to induce dormancy in many species. In 
addition, even though seedlings of many of the common 
perennial introduced species are more competitive for 
resources such as light and nutrients than seedlings of some 
of the dominant and co-dominant native species (Mallen-
Cooper, Chapters 6, 7 & 8 of this thesis), the timing of 
germination is very important (Harper, 1961; Ross & Harper, 
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1972; Pemadasa & Amarasinghe, 1982; Fowler, 1984; Benner & 
Bazzaz, 1987). Thus, established native vegetation is likely 
to be successful in preventing the establishment of newly 
arrived seedlings in the above ground vegetation. 
In the two lowest altitude sites the cover of the native 
shrub and herb vegetation beneath the eucalypt canopy 
averaged only 46%, and there were many areas of bare ground. 
In Sydney Harbour National Park, New South Wales, Howard & 
Smith (1979) found that bare mineral soil and a lightly 
shading canopy produced the most favourable conditions for 
germination of introduced species seed. In addition, in the 
current study there was greater evidence of disturbance 
resulting from animal activity at sites 1 and 2 
(predominantly from kangaroos, wombats and rabbits), 
including grazing of selected species and scraping of the 
ground surface. The animals also serve as dispersal agents 
for the transfer of plant propagules. The open understorey 
vegetation, the disturbance of the soil surface by animals 
and the less severe environmental conditions combine to 
provide suitable sites for weed establishment at the lower 
altitude sites. 
Effects of Soil Depth on Seedbank Abundance and Diversity 
The decrease in seed abundance and diversity with 
increasing soil depth has been recorded almost universally in 
seedbank studies (e.g. Major & Pyott, 1966; Howard & Ashton, 
1967;, Moore & Wein, 1977; Pratt et al., 1984; Enright & 
Cameron, 1988). Similarly in this study, the diversity and 
abundance of introduced and native species were generally 
higher in the upper half of the selected profile (0-4 cm) 
than in the lower half (4-8 cm) at all sites and at all 
distances from the road surface. 
The life form groups that might be expected to have the 
largest proportions of their total seeds at lower depths are 
the annual forbs, biennial forbs, sedges and rushes; which 
typically have large, persistent and long-lived seedbanks 
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(Thompson & Grime, 1979; Leguizamon & Roberts, 1982; Graham & 
Hutchings, 1988a). They also frequently have small seeds, 
which may filter more easily through the soil profile 
(Bostock, 1979; Thompson & Grime, 1979). For the introduced 
species occurring in the vegetation adjacent to the Kosciusko 
Road, only the sedges and rushes had consistently low 
proportions of their total seed in the surface soil, although 
the introduced annual and biennial forbs generally had lower 
proportions of their seeds in the surface soil than the 
grasses and perennial forbs. All introduced species life form 
groups had high proportions of their total seed in the upper 
soil layers for the road verge samples. Frequent disturbance 
may deplete the seed reserves of the road verges (especially 
within 10 cm of the soil surface), with most of the seed in 
the surface layers of soil thus coming from recently shed 
seed. 
Native species life form groups generally had much lower 
proportions of their seeds in the upper soil layers than the 
equivalent introduced species groups. Except for the native 
grasses, less than 50% of the total seed of all native life 
form groups was found in the surface 2 cm of soil. A high 
proportion of native grass seed in the surface soil seems to 
be a relatively common feature of seedbanks (e.g. Milton, 
1939; Howard & Ashton, 1967; Hill & Stevens, 1981; Pratt et 
al., 1984; Graham & Hutchings, 1988a). The relatively low 
rate of disturbance in the vegetation adjacent to the 
Kosciusko Road probably limits the rate of replenishment of 
the native species seedbanks. In addition, many of the 
overstorey dominants do not seem to contribute to the 
seedbanks for detectable periods, and/or divert their 
resources into vegetative reproduction. This contrasts with 
the road verges where disturbance is frequent and a rapid 
rate of seed production is necessary to replenish the losses 
from the surface soil which result from either germination or 
mortality of seeds. 
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Differences Between the Above Ground and Soil Seedbank Floras 
Many authors have noted the dominance of early 
successional herbaceous species in soil seedbank floras (e.g. 
Oosting & Humphreys, 1940; Olmsted & Curtis, 1947; Livingston 
& Allessio, 1968; Johnson, 1975; Roberts, 1981). This leads 
to significant differences in species composition between the 
above ground and soil seedbank floras where the above ground 
vegetation is in a mid to late successional stage (e.g. 
Oosting & Humphreys, 1940; Donelan & Thompson, 1980). In the 
current study there were many differences in the composition 
of the above ground and soil seedbank floras, even on the 
road verges where both floras were comprised almost entirely 
of early successional introduced species. 
Greater differences were found in the species composition 
of the above ground and soil seedbank floras of the 
vegetation adjacent to the roadsides than for the road verge 
floras, supporting the hypothesis described above in relation 
to successional age of the community. Similar to the results 
of most seedbank studies, woody species were absent or poorly 
represented in all the current seedbank samples even where 
they dominated the above ground vegetation (cf Oosting & 
Humphreys, 1940; Barbour & Lange, 1967; Kellman, 1974; 
Howard, 1974; Donelan & Thompson, 1980; Pratt et al., 1984). 
None of the shrub species recorded in this study produced 
very large numbers of seeds, such as those produced by 
Calluna vulgaris in some of the northern hemisphere seedbanks 
(Milton, 1939; Miller & Cummins, 1987; Granstrom, 1988). The 
highest seed densities of woody species in the Kosciusko 
samples were obtained for Baeckea gunniana, with a maximum of 
36 seeds per sample. The most abundant shrub species in the 
seedbank samples occur in areas with a relatively high water 
table, and may maintain a seed store in the soil as an 
insurance against changing water levels. 
Seed of many of the shrub species is stored for varying 
lengths of time on the adult plants, such as seed of Acacia 
spp. and Daviesia spp. The seeds of these species frequently 
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have a hard seed coat which requires alteration by fire or 
abrasion before the seeds can germinate. Seeds of other shrub 
species may be present in the soil for short periods only, 
may be subject to heavy losses by predation and/or may be 
produced in low numbers except in favourable years (cf Howard 
& Ashton, 1967; Thompson, 1978; Jefferson & Usher, 1987). 
Many of the shrub species recorded can resprout from 
rootstock if their above ground biomass is removed. Bell et 
al. (1987) found that long-lived resprouting shrub species 
from a jarrah forest in Western Australia generally produced 
low proportions of viable seed, and believed that 
reproductive output may not be of major adaptive significance 
for these species. Establishment of shrub seedlings is 
frequently episodic in Australian sclerophyllous vegetation, 
occurring for example after fire (Gill, 1981). 
In the montane sites, no seeds of the dominant tree 
species (Eucalyptus spp.) were recorded in the seedbank 
fi:>~e.-1-hu vii't+. 
samples. ~he presence of scattered lignotuberous eucalypt 
A • 
seedlings in the understorey vegetation ~~ggests that seed 
;,,. 
reaching the soil surface either germinates or rapidly loses 
its viability. Other studies have noted that canopy tree 
replacement depends on the recruitment from shade tolerant, 
suppressed seedlings (Kellman, 1974; Vlahos & Bell, 1986). 
The few eucalypt seeds found in the Victorian forest 
communities at low to intermediate altitudes (Carroll & 
Ashton, 1965) were very close to the soil surface, suggesting 
their recent addition to the seedbank. Most eucalypt seed is 
stored in non-deciduous capsules on the adult plants. 
In addition to the absence of most tree and shrub 
species in the soil seedbanks, relatively few of the 
herbaceous species were common to the above ground and 
seedbank floras of the vegetation adjacent to roadsides. Most 
perennial grass species which were abundant in the above 
ground flora (mainly Poa spp.) were also recorded in the 
corresponding seedbank samples, but the composition of the 
native forbs was substantially different. This included the 
absence from the seedbank samples of many species capable of 
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colonising open spaces in the native vegetation, such as 
Helichrysum scorpioides, Acaena spp., Leptorhynchos 
sguamatus, Brachycome spp. and Lagenifera stipitata. However, 
their absence probably relates more to their scattered above 
ground distribution than to their successional status. 
Of all the life forms, and at all distances from the road 
surface, grasses generally had the highest proportions of 
their total seed in the surface soil. Few grass species seem 
to have a prolonged viability in the soil, except for some 
small-seeded grasses such as Agrostis spp. and Poa annua 
which are typically concentrated in the surface soil (Milton, 
1939; Grime et al., 1981; Thompson & Grime, 1979; Hill & 
Stevens, 1981; Graham & Hutchings, 1988a). In the Kosciusko 
seedbanks, the small-seeded grasses such as the native and 
introduced Agrostis spp., the native and introduced Poa spp. 
and Aira caryophyllea generally had the largest grass species 
seedbanks. 
The most widespread introduced species in the above 
ground native vegetation adjacent to roadsides were Rumex 
acetosella, Taraxacum officinale and Hypochoeris radicata. 
While Rumex acetosella also occurred in most of the 
corresponding seedbank samples, Taraxacum officinale occurred 
in only two of the possible ten samples. Taraxacum officinale 
is one of the earliest flowering introduced species at high 
altitudes, and can form seeds as early as November. A study 
of monthly germinations from road verge and carpark soils in 
the subalpine area of Kosciusko National Park indicated that 
the peak seeding time for Taraxacum officinale at these 
altitudes was December-February (Mallen-Cooper, Chapter 4 
this thesis). As Taraxacum officinale seed is relatively 
short-lived in the soil (Bostock, 1979), most of the seed had 
probably germinated by the April sampling period, with little 
being stored over winter in the soil. Hypochoeris radicata 
was similarly less frequent in the seedbank samples than in 
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the above ground vegetation. Seed of Hypochoeris radicata was 
more common in the autumn than in the spring seedbank 
samples, and therefore its seed may also be relatively short-
lived. 
An interesting anomaly in the abundance of introduced 
species seed with increasing altitude occurred in the spring 
seedbank of the highest altitude site. At this site, a large 
number of Rumex acetosella seeds were recorded in the 
vegetation adjacent to the road, concentrated in the surface 
soil. The seed appeared to be very localised in its 
distribution, as only low numbers of Rumex acetosella seeds 
were recorded in the autumn sample, and none had germinated 
in the above ground vegetation. The available sources of seed 
were the plants growing on the road surface itself, and 
scattered plants growing amongst a small rocky outcrop above 
the site. The seed was probably transported to the site by 
wind or water, possibly across the snow surface, and may have 
accumulated in a small depression. The above ground 
vegetation at this site was a dense grassland, with a 
vegetation cover >100% and containing no introduced species. 
The presence of Rumex acetosella seed in the soil 
demonstrates the ability of seeds to filter through a thick 
and multi-layered vegetation cover to the soil surface. 
Comparison of Seedbank Studies 
Recent investigations into the desirable size and number 
of seedbank samples suggest that many studies (including the 
current study) may not have used a sufficient number of 
samples to ensure a complete and accurate representation of 
seedbank density and/or diversity (e.g. Whipple, 1978; 
Roberts, 1981; Forcella, 1984; Thompson, 1986; Bigwood & 
Inouye, 1988). The variability of replicated samples has 
generally been high, even in studies where they were in fact 
pseudoreplicates (i.e. the replicate samples were made after 
the soil from a particular site was combined and mixed). 
Although this study used only 10 cores of soil per 
unreplicated sample (with a combined surface area of 503 
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cm2 ), the relative similarity of the samples taken in spring 
and autumn with respect to both species diversity and 
abundance suggests that an adequate representation of the 
seedbank was made, except perhaps for the species found in 
very low numbers in the soil. 
Comparisons of seed densities among different studies 
can only be made in general terms, as it is not only sample 
size and number that differ among studies but also the depth 
of soil sampled and differences in the methods of extracting 
and identifying the seeds in the soil. Where the widely 
applied technique of glasshouse germination is utilised, the 
time period allowed for plants to emerge and differences in 
the treatments applied to the soil samples to promote 
germination, are quite variable among studies. Most recent 
studies have used relatively short periods of germination 
(one to several months), noting that the numbers of emerging 
seedlings decreased rapidly after the initial flush of 
germination (e.g. Forcella, 1984). Allowing a 4 year period 
of germination in the current study showed that secondary 
flushes of germination were substantial for many species, and 
occurred primarily in spring and autumn for 2 to 3 years from 
the collection date (cf Thurston, 1960). Individual species 
which have proportions of seed with different germination 
requirements are thought to maximise their probability of 
establishment success (Bostock, 1979; Roberts, 1981). Taking 
into account sample size, period allowed for germination and 
the difficulty in providing suitable conditions for the 
germination of all species in a glasshouse environment, it is 
likely that most studies provide an underestimate of seed 
densities. 
Thompson (1978) suggested that the smallest soil 
seedbanks occur below high altitude and high latitude 
vegetation, where environmental stress limits the production 
of plant biomass and where much plant reproduction is 
vegetative. However, the seed densities in the current study 
remained relatively high at high altitudes, even in the 
vegetation adjacent to the Kosciusko Road. In fact, the 
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densities of native species seed were generally higher in the 
alpine sites than in the lower montane sites, where seed of 
introduced annual species comprised a high proportion of the 
total seedbanks. The decrease in seedbank densities with 
increasing latitude has been attributed to the corresponding 
decrease in herbaceous vegetation and increase in woody 
vegetation in more northerly locations (Johnson, 1975; 
Archibold, 1979). In the Kosciusko alpine area perennial 
herbs are probably the most abundant life form, providing a 
more or less complete vegetation cover over large areas 
(Costin et al., 1979). 
The large differences observed in studies of seed 
densities at high altitudes can be explained by differences 
in biophysical and cultural conditions. The most important of 
these are probably a) the influence of past and present land 
use practices, especially the amount and intensity of 
associated disturbance; b) the species composition of the 
above ground vegetation. For example, the presence of one or 
more species which produce very high numbers of seeds (such 
as Calluna vulgaris) significantly increases seedbank 
densities; c) the soil depth and texture; and d) the site 
specific climatic constraints to plant growth. 
In the current study, the sites sampled were close to a 
major source of disturbance. Although the vegetation adjacent 
to the roadsides at intermediate and high altitudes appeared 
to be relatively undisturbed, and was not invaded by 
introduced species to any significant extent, the level of 
physical disturbance is likely to be higher than in native 
vegetation remote from a source of disturbance. Between sites 
3 and 6, snow and gravel cleared from the road surface is 
occasionally spread onto the native vegetation close to the 
road. 
The plant communities within the high altitude areas of 
Kosciusko National Park may also be in an earlier stage of 
succession than comparable areas studied in Europe and North 
America (e.g. Thompson, 1978; Whipple, 1978). This relates to 
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the former use of Kosciusko National Park for summer grazing, 
frequently accompanied by control burning to promote the 
growth of palatable pasture. Although grazing has not been 
permitted in this area of the Park for over 30 years, the 
widespread erosion led to the initiation of secondary plant 
succession in many areas. The length of viability of native 
species seed is unknown, but it is possible that low numbers 
of seed of some early successional species may have survived 
for this period of time. The high seed densities recorded by 
Milton (1939) and Miller & Cummins (1987) may similarly be a 
result of the long history of use of the land, particularly 
for grazing. Miller & Cummins additionally record disturbance 
associated with grouse shooting. 
The composition of the native vegetation has an 
important influence on the diversity and abundance of the 
soil seedbank (Harper, 1977; Fenner, 1985). The abundance of 
herbaceous species in the above ground vegetation, the low 
degree of overstorey shading and the natural vegetation 
dynamics probably all contribute to the high seedbank 
densities at Kosciusko. Particularly at high altitudes, the 
native vegetation experiences periodically severe stresses 
that induce local changes and consequent variety in the plant 
communities (Costin et al., 1979). Gaps are often created in 
the cover of the dominant species by insect attack, prolonged 
snow cover and/or drought. The gaps are frequently re-
colonised by forb seedlings. These species then become 
locally dominant for several years, and contribute to the 
maintenance of high numbers of colonising forbs in the native 
vegetation seedbanks. Most of the vegetation communities 
contain a high diversity of early to mid-successional forbs, 
which occur below shrub canopies and in the spaces between 
grass tussocks. Oosting & Humphreys (1940) and other authors 
such as Young et al. (1987) have suggested that the highest 
species diversities occur at moderate age sites. The high 
diversity of species found in the vegetation communities of 
the current study provides some support for this claim. 
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Several authors have suggested that soil type and 
texture affect seedbank densities (Harper et al., 1965; Major 
& Pyatt, 1966; Hill & Stevens, 1981; Hopkins & Graham, 1983). 
Generally more seeds have been found in coarse-textured soil 
than in fine textured and organic soils. Hopkins & Graham 
(1983) suggest that this may relate to the ease of entry of 
seed into coarse-textured soils. All the current sites were 
underlain by granodiorite, and had friable medium to coarse 
textured soil. 
Yearly climatic conditions also affect seed abundance 
(Billings & Mooney, 1968; Post, 1988), such as the length of 
the growing season, the depth of snow cover, the number of 
frosts and the temperature and precipitation experienced 
during the growth period. Dry conditions appear to lead to 
reduced flowering and seeding of many species in the alpine 
areas (personal observations of the author), although seed 
from previous seasons may remain for longer periods in the 
soil until conditions become suitable for germination. More 
information on the seed inputs to the various sites, together 
with information on the longevity of the seed of the commonly 
occurring native species would help in the interpretation of 
the seedbank data. 
Conclusion 
The native vegetation adjacent to roads in Kosciusko 
National Park almost certainly receives a large input of 
introduced species propagules from the road verges, some of 
which can remain dormant in the soil for many years. However, 
a relatively dense ground cover of native vegetation adjacent 
to roadsides appears to be effective in limiting the 
colonisation and establishment of introduced species (from 
either above ground dispersal or from soil seed reserves), 
especially where the environmental conditions are restrictive 
to plant germination and growth. To prevent the establishment 
of introduced plants in the vegetation adjacent to roads, 
particularly in alpine and subalpine areas where the 
diversity and abundance of introduced species is still 
relatively low, it is therefore most important to minimise 
the disruption of the native vegetation by physical 
disturbance (cf Wace, 1986). 
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Appendix 1. Introduced and native species cover in the road verge and 
paired plots of ·each Kosciusko Road site. The cover values 
listed are the midpoints of each Braun-Blanquet cover-
abundance class. Native species present in one plot only 
have not been included in this table. 
ROAD VERGE PLOTS PAIRED PLOTS 
SITES 3 5 6 7 8 9 10 2 3 5 6 7 8 9 10 
INTRODUCED SPECIES 
Perennial forbs 
Achillea millefolium 0 0 0.5 3.0 15. 0 3.0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 Cerastium spp. 0.5 0.5 0 0.5 0.5 0 .1 0.5 0.5 0 0 0.5 0.5 0 0.5 0 0 0 0 0 0 Chondrilla juncea 0.5 0.5 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hypochoeris radicata 3.0 3.0 3.0 0.5 0.5 3.0 0 0.5 3.0 0 3.0 0.5 0.5 0 0.5 0.5 0 0.1 0.5 0 Juncus articulatus 0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Oenothera erythrosepala 0 0.5 0. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Picris hieracioides 0 0 0 0 0 0 0 0 0 0 0 0 .1 0 0 0 0 0 0 0 0 Plantago lanceolata 3.0 0 .1 0 .1 0.5 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Rurnex acetosella 3.0 15.0 0.5 3.0 3.0 3.0 3.0 0.5 3.0 3.0 0.5 0.5 0.5 0.5 0.5 0 0.5 0.5 0.5 0 Rumex crispus 0 0 0.5 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Salvia verbenaca 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Taraxacum off icinale 0.5 0.5 0.1 3.0 0.5 3.0 0.5 0.5 0 0.5 0.5 0.5 0 0.5 0.5 0.5 0 0.1 0 0 Trifolium hybridum 0 0 0 0 3.0 3.0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 Trifolium pratense 0 0 0 0. 1 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Trifolium repens 0.5 0.5 0.5 3.0 15. 0 15. 0 15.0 15.0 0 0 0.5 0 0 0.5 0 0.5 0 0 0 0 Annual & biennial forbs 
Anagallis arvensis 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Aphanes arvensis 0. 1 0.5 0 0 0 0 0 0 0 0 0. 1 0 0 0 0 0 0 0 0 0 Carduus tenuif lorus 0 0 0 0 0 0 0 0 0 0 0. 1 0 0 0 0 0 0 0 0 0 Centaurium erythraea 0.5 0 0.5 0 0 0 0 0 0 0 0.1 0 0 0 0 0 0 0 0 0 Chenopodium album 0 0. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Cirsium vulgare 0.5 0.5 0.5 0.5 0.5 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0 Conyza albidus 0.5 0.5 0 0 0 0 0 0 0 0 0 0.1 0 0 0 0 0 0 0 0 Crepis capillaris 0.5 3.0 0 0 0 0 0 0 0 0 3.0 0.5 0 0 0 0 0 0 0 0 Echium vulgare 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Erodium cicutarium 0. 5 0 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Erophila verna 0.5 0.5 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hirschfeldia incana 0.5 0. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Lactuca serriola 0.1 0.5 0 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0 Linaria arvensis 0 0.5 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0 0 Medicago lupulina 0 0.5 0 0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Melilotus alba 0 0 0 0. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Myosotis discolor 0.5 3. 0 0.5 0.5 0 0 0 0 0 0 0.5 0.5 0 0. 1 0 0 0 0 0 0 Petrorhagia nanteuilii 0.5 0.5 3.0 0 0 0 0 0 0 0 0 .1 0 0 0 0 0 0 0 0 0 Polygonum spp. 3.0 0.5 0.5 0.5 0.5 0.5 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 Sagina apetala 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Sonchus asper 0 .1 0.5 0. 1 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0 0 Spergularia rubra 3.0 0 0 0 0 0 0.5 0.5 0.5 0 0 0 0 0 0 0 0 0 0 0 Tragopogon dubium 0 0. 1 0 .1 0 0. 1 0 0 0 0 0 0 .1 0 0 0 0 0 0 0 0 0 Trifolium arvense 3.0 15.0 3.0 0 0 0 0 0 0 0 15.0 15.0 0 0 0 0 0 0 0 0 Trifolium campest re 0.5 0 0 0 0 0 0 0 0 0 0.5 3.0 0 0 0 0 0 0 0 0 Trifolium dubium 3.0 0. 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Trifolium glomeratum 0 0.5 0 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0 Verba scum thapsus 0.5 0. 1 0.5 0 0 0 0 0 0 0 0. 1 0 0 0 0 0 0 0 0 0 
Verbascum virgatum 0.5 0.5 0.5 0 0 0. 1 0.5 0 0 0 0.5 0 0. 1 0 0 0 0 Veronica arvensis 0. 1 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 Viola arvensis 0 0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 Perennial grasses 
Agrostis capillaris 37. 5 0.5 15.0 15.0 0.5 3.0 3.0 3.0 0. 1 0.5 0 0 0 0 0 0 0 0 0 c Anthoxanthum odoratum 0 0.5 0.5 0.5 0.5 0 0 0 0 0 0 0.5 0 0.5 0.5 0 0 0 0 c Dactylis glomerata 0 0.5 0. 5 0.5 37.5 62.5 15. 0 0.5 0 0 3.0 0 0 0 0.5 0.5 0 0 0 c Festuca rubra 0 0.5 0.5 15.0 0.5 0.5 0.5 0.5 0 0 0 0 0 0 0 0 0 0 0 c Holcus lanatus 0.5 0.5 0 0 0.5 0 0 0 0 0 0.5 0 0 0 0 0 0 0 0 c Lolium perenne 0.5 0.5 0 0 0 0 0 0.5 0 0 0.1 0 0 0 0 0 0 0 0 c Paspalum dilatatum 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 c Phleum pratense 0 0 0.5 0.5 0 0.5 0.5 0 0 0 0 0 0 0 0 0 0 0 0 c Poa pratensis 0 0 0.5 15.0 3.0 15.0 0.5 0.5 0 0 0 0 0 0. 1 0.5 0 0 0 0 c Annual grasses 
Aira caryophyllea 3.0 3.0 3.0 0 0 0 0 0 0 0 15. 0 0.5 0 0 0 0 0 0 0 Bromus hordeaceus 0 .1 3.0 0.5 0.1 0 0 0 0.5 0 0 0. 1 0 0 0 0 0 0 0 0 Bromus sterilis 0 0 0 0 0.5 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 Brom us tectorum 0.5 0.5 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Hordeum leporinum 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Panicum laevifolium 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Poa annua 0.5 0.5 0 0 0 0 0.5 0.5 0.5 0 0 0 0 0 0 0 0 0 0 Pea bulbosa 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Vulpia bromoides 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Vulpia megalura 3.0 15.0 0.5 0 0 0 0 0 0 0 3.0 0.5 0 0 0 0 0 0 0 Vulpia myuros 0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Trees & shrubs 
Mal us Sp. 0. 1 0 0.1 0 0 0 0 0. 1 0 0 0 0 0. 1 0 0 Rosa rubiginosa 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0 
NATIVE SPECIES 
Perennial forbs 
Ac a en a sp. aff. anser. 0 3.0 0 0.5 0 0. 1 0.5 0.5 0 0 0. 1 0 0 0 0 0.5 0.5 0 0 0 Acaena ovina 0.1 0.5 0 0.1 0.5 0 0 0 0 0 0.5 0.5 0 0.5 0 0 0 0 0 0 Aciphylla glacialis 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0 0. 1 0 0 Aciphylla simplicifolia 0 0 0 0 .1 0.5 0 0 0 0 0 0 0 0 3.0 3.0 0.5 0.5 0.5 0 0 Asperula gunnii 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0.5 0 0 0.5 0.5 0.5 0 Asperula pusilla 0 0 0 3.0 15. 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 Asperula scoparia 0 0 0 0 0 0 0 0 0 0 3.0 0. 5 0.5 0 0 0 0 0 0 0 Astelia alpina 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5 0 0 .1 0 0 Brachycome decipiens 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 Cardamine spp. 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0.5 0.5 0.5 0 Carex appressa 0 0 0 0 0.5 0 0 0 0 0 0 0 0 0 3.0 0 0 0 0 0 Carex breviculmis 0 0.5 0.5 0.5 0 0 0 .1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0 0.5 0.5 0.5 a Carex hebes 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0.5 0 0 0 0.5 0 3.0 Celmisia sp. 0 0 0 0 0 0 0 0 3.0 15. 0 0 0 0 0 0 0.5 0.5 0.5 3.0 c Craspedia spp. 0 0 0 0.5 0 0 0. 1 0.5 0.5 0. 5 0 0.5 0 0.5 0 0 3.0 3.0 3.0 0 Empodisma minus 0 0 0 0 0 0 0 0 15.0 0 0 0 0 0 0 62.5 15.0 15.0 3.0 0 Epilobium spp. 0 0.5 0 0.5 0.5 0 0.5 0.5 0 0 0 .1 0. 5 0.5 0.5 0.5 0.5 0.5 0.5 0 0 Euphrasia collina 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0.5 0 0 0 0.5 3.0 0 Galium gaudichaudii 0 0 0 0 0 0 0 0 0 0 0. 1 0.5 0 0 0 0 0 0 0 0 Geranium potentilloides 0 0 0 0 0.5 0 0 0 0 0 0 0 0 0 0.5 0 0.5 0 0 0 Geranium sessiliflorum 0 0 0 0.5 0 0 0 0 0 0 0 0 0 3.0 0 0 0 0 0 0 Geranium solanderi 0.5 0 0 0 0 0 0 0 0 0 3.0 0.5 0 0 0 0 0 0 0 0 Gnaphalium argentifolium 0 0 0 0.5 0 0 0 0 0 0.5 0 0 0 0 0 0 0. 1 0.5 0.5 0 Gnaphaliurn japonicum 0 0.5 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Gonocarpus tetragynus 0 0 0 0 0 0 0 0 0 0 0.5 0.5 0.5 0 0 0 0 0 0 0 Helichrysum scorpioides 0 0 0.5 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0. 1 0.5 0 
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Hydrocotyle laxiflora 0 0 0 0 0 0 0 0 0 0 3.0 0.5 0 0 0 0 0 0 0 0 liypericum gramineum 0 0 0 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0 Lagenifera stipitata 0 0 0 0 0 0 0 0 0. 1 0 0 0 0 0 0 0 0 0 0.5 3.0 Leptorhynchos squamatus 0 0 0 0 0 0 0 0 0 0 0 0 0 3.0 0.5 0 0 0 0 0 Lotus austral is 0 0 0 0 0 0 0 0 0 0 0. 1 0.5 0 0 0 0 0 0 0 0 Luzula spp. 0. 1 0 0.5 0.5 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0 0.5 0.5 0 Microseris lanceolata 0 0 0 0 0 0 0 0. 1 0.5 0.5 0 0 0 0.5 0.5 0.5 0 0.5 0.5 0.5 Oreomyrrhis argentea 0 0 0 0. 1 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 Oreomyrrhis eriopoda 0 0 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0.5 0 0.5 0 Oxalis exilis 0. 1 0 0 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0 Plantago euryphylla 0 0 0 0 0 0 0 0 0. 1 0 0 0 0 0.5 0 0 0.5 0.5 0.5 0 Ranunculus graniticola 0. 1 0 0 0 0 0 0 0 0 0 0 0.5 0 0. 1 0.5 0 0. 1 0 0.5 0 Scleranthus biflorus 0 0. 5 0 0. 1 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 Senecio gunnii 0 0 0.5 0 0.5 0 0.5 0.5 0.5 0 0 0 0.5 0.5 0 0.5 0.5 0.5 0.5 0 Senecio lautus 0 0 0 0 0 0 0.5 0 0.5 0 0 0 0 0 0 0 0.5 0 3.0 0 Stellaria pungens 0 0 0 0 0 0 0 0 0 0 3.0 0.5 0.5 0 0 0 0 0 0 0 Viola betonicifolia 0 0 0 0 0 0 0 0 0. 0 0.5 0 0.5 0 0 0 0. 1 0.5 0.5 0 Annual & biennial forbs 
Crassula sieberana 0.5 0.5 0 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0 Daucus glochidiatus 0 0.5 0 0 0 0 0 0 0 0 0. 1 0.5 0 0 0 0 0 0 0 0 Gnaphalium involucratum 0. 1 0 0 0 0 0 0 0 0 0 0. 1 3.0 0 0 0 0 0 0 0 0 Gypsophila austral is 0 0. 1 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0 0 Juncus bufonius 3.0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Poranthera microphylla 0 0 0 0. 1 0 0 0 0 0.5 0 0 0.5 0 0.5 0. 1 0 0 0 0.5 0 S~necio quadridentatus 0 0 0 0 0 0 0 0 0 0 0. 1 0.5 0 0 0 0 0 0 0 0 Wahlenbergia gracilenta 0. 1 0 0 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0 Perennial grasses 
Agropyron scabrum 0 0. 5 0 0 0 0 0 0 0 0 3.0 3.0 0.5 0 0 0 0 0 0 0 Agropyron velutinum 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5 0 0 0. 1 0.5 0 0 Danthonia nudiflora 0 0 0 0 0 0 0 0. 1 0 3.0 0 0 0 0. 1 0 0 0 0.5 0.5 37.5 Danthonia penicillata 0.5 0.5 0 0 0 0 0 0 0 0 3.0 3.0 0.5 0. 5 0 0 0 0 0 0 Deyeuxia carinata 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0.5 0.5 0 0 0 Dichelachne micrantha 0 0 0 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0 Poa costiniana 0 0 0 0.5 0.5 0 0 0.5 3.0 1 5. 0 0 0 0 62.5 37. 5 15.0 0.5 37.5 3.0 62.5 Poa hiemata 0 0 0 3.0 0.5 0 0 0.5 3.0 0 0 0 0 3.0 37.5 0 3.0 3.0 3.0 0 Poa sieberana 0. 1 0.5 0.5 0 0 0 0 0 0 0 3.0 3.0 37.5 0 0 0 0 0 0 0 Themeda australis 0.5 0.5 0 0 0 0 0 0 0 0 3.0 0.5 0 o 0 0 0 0 0 0 Trisetum spicatum 0 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0. 1 0.5 0.5 Trees and shrubs 
Acrotriche serrulata 0 0 0 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0 Baeckea gunniana 0 0 0 0 0 0 0 0 0. 1 0 0 0 0 0 0 3. 0 15.0 0 0 0 Cassinia aculeata o. 5 0 0.5 0 0 0 0 0 0 0 3.0 0 0.5 0 0 0 0 0 0 0 Cassinia uncata 0 o 0 3.0 3.0 0 0 0 0 0 0 0 0 3.0 0.5 0 0.5 0 0 0 Epacris paludosa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.0 3.0 0.5 0.5 0 Eucalyptus dalrympleana 0 0 0 0 0 0 0 0 0 0 0 15.0 3.0 0 0 0 0 0 0 0 Eucalyptus pauciflora 0 0 0. 1 0 0 0 0 0 0 0 5.0 3.0 15.0 0 0 0 0 0 0 0 Eucalyptus rubida 0. 1 0 0 0 0 0 0 0 0 0 3. 0 0 0 0 0 0 0 0 0 0 Exocarpus stricta 0 0 0 0 0 0 0 0 0 0 0. 1 0.5 0 0 0 0 0 0 0 0 Grevillea austral is 0 0 0 0 0 0 0. 1 0 3.0 0 0 0 0 0 3.0 0.5 15.0 0 15.0 0 Helichrysum alpinum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.0 0 3.0 0 Helichrysum hookeri 0 0 0 0 0.5 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0 Hymenanthera dentata 0 0 o 0 0 0 0 0 0.5 o 0 0 0 0 0 0 0 0 0.5 0 Kunzea muelleri 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5 0 0 3.0 0 0 0 Leucopogon montanus 0 0 0 0 0 0 0 0 3.0 0 0 0 0 0 0 0 0 0 3.0 0 Mirbelia oxylobioides 0 0 0 0 0 0 0 0 0 0 3.0 15. 0 0 0 0 0 0 0 0 0 Olearia algida 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.0 3.0 3.0 0.5 0 Olearia phlogopappa 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0 3.0 0 0.5 0 Oxylobium ellipticum 0 0 0 0 o 0 0 0 0 o 0 0 0 o 0 0.5 3.0 0 0 0 
Phebalium ovatifolium 0 0 0 0 0 0 0 0 1 5. 0 0 0 0 0 0 0 o 15.0 15.0 15.0 0 Pimelea alpina 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0.5 0.5 3.0 0.5 0 Pimelea biflorus 0 0 0 0.5 0 0 0 0 o 0 o 0 0 0.5 0 0 o o 0 0 Pi me lea linifolia 0 0 0 0 0 0 0 o 0 0 0.5 0.5 0 0 0 0 0 0 0 0 Pimelea pauciflora o 3.0 0 0 0 0 o 0 0 o 0. 1 0.5 o 0 0 0 0 0 0 o Podocarpus lawrencei 0 0 0 0 o 0 o 0 0 0 0 0 0 0 o 0 0.5 0 3.0 0 Prostanthera cuneata 0 0 0 o 0 o 0 0 15.0 o 0 0 0 0 o 0 0 0 15. o o Richea continentis o 0 0 0 0 0 0 0 0 0 0 0 o 0 o 15.0 3.0 3.0 0 0 
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Luz.ula flaccid.a 7 0 2 0 0 0 0 11 ,, 0 0 
" 
0 0 0 0 0 
Luz.uLa spp. 0 0 0 0 ) 0 6 0 0 )2 13 20 
" 
0 )0 16 20 12 7 
Microseris lanceolata 0 0 0 0 0 0 0 c 0 0 0 0 0 c 0 1 0 0 0 
Mantia aust.ralas:ica 0 0 0 0 0 0 0 c 0 0 7 0 0 0 0 4 0 0 
Oreobolus oxycarpus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
OreOfllrrrhis eriopoda 0 0 0 0 0 0 0 0 0 0 c 0 0 0 0 
0 0 1 0 0 
Oxalis exil is 0 2 1 0 0 2 0 1 0 3 0 0 2 0 0 1 0 1 2 so 0 0 0 
Planta90 euryphylla 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
' 
0 0 0 0 
Pratia 7peduncul.11ta 0 0 0 0 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 
Ranunculus dissectifolius 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 
R.lnunculus 9raniticola 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 c 0 0 0 0 0 0 . 
Ranunculus pum.ilio 0 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Schoenus apogon 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Schoenus calyptratus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 3 0 0 
Scirpus habrus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Scirpus hookeranus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Scirpus subtilissim.us 0 0 0 1 0 0 • 0 0 0 ) 0 1 0 0 0 0 0 0 0 1 0 2 0 0 0 
Senecio qunni i 0 0 0 0 c 0 0 0 • 0 0 0 0 0 0 
' 
0 0 2 0 0 0 1 1 0 
Senecio lautus 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 
Stellaria pungens 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sty lidium 9ra.Jnini folium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Viola betonicifolia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 0 1 0 0 0 0 0 3 0 
Viola hederacea 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Viola sieberana 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 0 0 0 0 0 0 0 1 0 0 0 
Wahlenber9ia ceracea 0 0 0 0 0 0 0 0 0 0 0 0 0 14 29 62 0 0 0 0 24 0 0 15 0 
Wahlenberqia stricta 0 3 0 0 0 0 0 0 0 0 c 0 0 0 0 0 0 18 0 0 0 0 0 0 0 
Wa.hlenbcrqia litticola 0 0 0 0 0 0 0 0 0 0 J 0 0 0 0 0 0 , , 0 0 0 0 0 0 0 
~nny~] l bii::nnhl tQrQ::i 
ChenopodiUA pumilio 0 l 0 0 c 0 0 0 0 ,. 1 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 
Crassula sie.berana 3 28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 
D.aucus 9lochidiatus 0 0 0 0 0 0 0 0 0 0 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Gna.phalium involucretWll 2 10 0 0 0 0 0 0 0 0 18 0 0 0 0 0 0 0 0 0 0 0 . 0 0 0 0 
Cypsophila aust.ralis 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
.Juncus bufonius 8 72 111 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Pora.nthera 11icrophylla 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Senecio quadridentatus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Stella.ria. 111.ultiflora 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 1 s 0 0 0 0 
Wahlenberqia 9racilenta 0 8 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 11 0 0 0 0 0 0 0 
~~u:na~ a.l ~n:11uu 
-'gropyron •cabrum 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Oanthonia. nudiflora 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 • 0 0 0 7 1 
' 
Oanthonia penicillata 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Da.ntbonia. pilosa. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
t>eyeuxia. carinata 0 0 0 0 0 0 0 0 5 0 0 0 0 0 13 5 25 0 0 0 0 0 0 4 1 1 1 0 
Deyeuxia -onticola 0 0 0 0 0 0 0 0 0 1 0 7 0 0 0 0 0 18 8 0 6 0 0 0 2 5 
" 
5 
t>eyeuxia. sp.a.ff.pa.rviseta. 0 0 0 0 0 0 0 0 0 0 c 0 0 0 15 0 0 0 0 0 0 0 1 20 0 0 0 0 
Dichelachne ra.ra 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Poa costinia.na 0 0 0 0 0 0 0 0 0 0 0 0 12 18 10 1 10 5 0 0 0 3 33 1 2 38 
' 
0 
Poa hie..a.ta. 0 0 0 0 0 0 0 21 150 0 0 17 6< 0 83 .. 76 1"8 0 0 27 0 2 65 36 33
" 
Poa la.billardieri 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Poa &ieberana. 3 l 0 0 0 0 0 0 0 
' 
62 0 0 0 0 0 0 12 
" 
0 0 0 0 0 0 0 
Trisetum cpicatua 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 0 
Mn!lal SCi:!:iZ:~~ 
>.9rosti.s australiensis 
3 J..;rostis venusta 
21 0 0 2 
Irs::~:i M1~ :ihrnb~ 15 12 20 
Acrotriche serrul.11ta 0 0 0 0 0 0 c 0 0 0 0 0 0 0 0 0 0 
B.lleckea 9unniana c 0 0 0 0 0 0 0 2 12 0 0 0 0 1 0 0 
Cassinta a.culeata 0 0 0 0 0 0 0 0 0 1) 0 0 0 0 0 0 0 0 0 0 0 
Cassinia. uncata 0 0 0 5 3 0 0 0 0 c 0 10 5 0 0 0 0 0 18 s 0 0 0 
Epacris 9lacialis 0 0 0 0 • 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Epacris •icr-ophyll.11 0 0 0 0 0 0 1 0 0 0 0 0 0 0 3 0 0 0 0 0 0 18 9 0 0 
£pa.eris paludosl!. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 • 0 0 0 0 0 0 11 9 0 0 
Ep.!ocris undif!. 0 0 0 0 c 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 6 0 0 
Helichrysu. secun~1flo.n:"' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 
Hovea purpurea 0 0 0 0 0 0 0 0 0 c 0 0 0 0 0 0 0 0 c 0 0 0 0 0 
ttirbelia oxylobio1des 0 0 0 0 0 0 0 0 0 0 c 0 0 0 0 0 0 0 3 0 0 0 0 0 c 
Olea.ria. algida. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 s 0 2 0 0 0 0 0 0 J 0 0 
Olearh phloqo~ppa. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
OxylobiWll ellipticuc 0 0 0 0 0 0 0 0 0 0 c 0 0 0 0 0 0 0 0 0 0 9 0 
Pifftelea alpina 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Pultena.ea. f.11sciculata 0 0 0 c 0 0 0 0 0 0 c 0 0 0 0 0 0 2 0 0 0 c 
Richea. continentis 0 0 0 0 0 0 0 0 0 c 0 0 0 15 10 0 0 0 0 5 5 0 
CHAPTER 4. 
THE CARPARK SEEDBANKS OF THREE SKI RESORTS IN KOSCIUSKO 
NATIONAL PARK, AUSTRALIA. 
ABSTRACT 
A study was made of the seedbank floras of three ski 
resort carpark or carpark verges in central Kosciusko 
National Park, south-eastern New South Wales, Australia. 
Seedbank samples were collected on a monthly basis for 14 
months, and germinated in an unheated glasshouse over a 7 
month period. 
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A total of 52 introduced and 36 native species 
germinated from the carpark soil of the three resorts over 
the 14 month sampling period. The seedbank floras were 
dominated by herbaceous introduced species. The different 
seasonal patterns in species diversity and abundance evident 
at each resort reflected the different life history 
strategies of their respective dominant species. In 
addition, frequent disturbance by vehicles and carpark 
maintenance activities influenced the seedbank composition. 
There were 23 introduced and 4 native species found in 
the carpark seedbanks whose presence could not be explained 
by local seed sources. These species were thought to have 
dispersed to the sites on vehicles or their occupants. Most 
were annual species and were found in low numbers in the 
seedbank samples. The potential for the spread of 
undesirable species within this area of Kosciusko National 
Park is probably increasing each year with the associated 
increase in the number of visitors (and vehicles) entering 
the Park. 
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INTRODUCTION 
Many activities have contributed to the introduction 
and spread of exotic plants in Kosciusko National Park, 
south-eastern New South Wales; including the summer grazing 
of stock, the development of the Snowy Mountains Hydro-
Electric Scheme (SMHES) and various forms of recreation. 
Although the SMHES was completed in 1972, and grazing is no 
longer permitted within the Park, there has been a 
continuous and rapid increase in the recreational use of the 
Park. One of the most popular recreational activities in 
Kosciusko National Park is alpine skiing, with seven ski 
resorts developing in the Park since the early 1950's. The 
winter ski season extends approximately from the middle of 
June to the beginning of October, and accounts for 
approximately half the annual number of visitors entering 
the Park. The total number of visitors to the Park per year 
is two million, with an average of 3.2 visitors per vehicle 
(New South Wales National Parks & Wildlife Service, 1988). 
It is now recognised that vehicles can be an important 
agent in the dispersal of plant species, especially for 
species that occur naturally in open and disturbed habitats 
(Ridley, 1930; Salisbury, 1953; Clifford, 1959; Frenkel, 
1970; Wace, 1979; Roberts, 1982). However, very few studies 
have been carried out which actually measure the composition 
and abundance of vehicle-borne flora. In probably the 
earliest published study, Clifford (1959) germinated 
material scraped directly from the wheels of 75 vehicles in 
Nigeria. More recently Wace (1979) employed an indirect 
sampling technique which involved the collection of sludge 
and sidescrapings from carwash settling tanks in Canberra, 
A.C.T. 
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Both Clifford (1959) and Wace 
(1979) recorded a diverse car-borne flora, including species 
whose natural distributional range was located at some 
distance from the point of sampling. 
This study aims to assess the seasonal composition and 
abundance of the seedbank floras of the carpark and carpark 
verge areas of three ski resorts in Kosciusko National Park. 
An indirect estimate of the vehicle-borne flora will be made 
by determining whether there are any species in the carpark 
seedbanks which cannot be explained by local seed sources. 
METHODS 
Samples of road verge and carpark sediments (hereafter 
referred to as soil samples) were taken at monthly intervals 
between August 1983 and September 1984 from the vehicle 
parking areas of three ski resorts in central Kosciusko 
National Park. The selected resorts of Guthega, Smiggin 
Holes and Perisher Valley are located in the subalpine zone 
of Kosciusko National Park, and their parking areas are at 
altitudes of approximately 1620m, 1685m and 1725m 
respectively. The sealed Kosciusko Road provides direct 
access to the Smiggin Holes and Perisher Valley ski resorts, 
which are located approximately 21 km and 22 km from the 
Kosciusko Road Park Entrance Station respectively (Figure 
1). Access to Guthega ski resort is via the Kosciusko Road 
and Guthega Road, a total distance of about 32 km from the 
Kosciusko Road Park Entrance Station. The last 6 km section 
of the Guthega Road (closest to the ski resort) is unsealed. 
The numbers of vehicles using the Kosciusko Road and Guthega 
Road in 1986 were 321100 and 31000 respectively (NSW 
National Parks & Wildlife Service unpublished records and T. 
Shepherd, pers. comm.). 
0 
0 
O> 
-
FIGURE 1. Map of the study area showing the location of 
the sampling sites. 
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At Guthega ski resort, soil was taken from the centre of 
the entrance to the lower unsealed carpark (Figure 1). 
Smiggin Holes ski resort has a sealed carpark, and therefore 
soil was collected from the unsealed edge of the carpark 
close to the Ski Centre. Perisher Valley also has a sealed 
carpark, and soil was collected from this resort in the 
overflow parking area along the Kosciusko Road, close to the 
main parking area. The Smiggin Holes and Perisher Valley 
carparks and access roads are snowcleared frequently in 
winter. The cleared material (which is likely to contain 
soil material transported by vehicles as well as material 
from local sources) is deposited along the road and carpark 
verges, including the selected sample sites. 
Each month at each of the 3 resort sample sites, random 
blocks of surface soil of approximate dimensions 18cm x 20cm 
x 3 cm (depth) were removed with a spade within a Sm x Sm 
quadrat until a soil volume of 1S litres had been collected. 
The total sampling area was approximately 0.36 m2 . In the 
winter months the soil was often frozen, and snow had to be 
cleared from the surface of the site. The soil from each 
site was transported to Canberra in garbage bins. The soil 
was washed through a series of three sieves with mesh sizes 
of 1 .S, 1 .0 and 0.4 mm to remove any oil and rubbish from 
the samples. This procedure also removed the fine soil 
particles and melted any frozen soil. Three subsamples of 
the material remaining on the coarsest sieve, two from the 
sieve of intermediate diameter and one from the finest sieve 
(generally the entire size fraction from the latter two 
sieves) were then spread to a depth of 2cm in seedling trays 
of dimensions 34cm x 29cm x 6cm, on top of approximately 3cm 
of soil which had been heat sterilised in an autoclave. The 
sterilised soil comprised SO% loam, 2S% sand and 2S% 
vermiculite. 
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The trays were placed randomly in an unheated 
glasshouse and watered daily. Although the climate in 
Canberra is not as severe as that experienced in Kosciusko 
National Park, its moderately high summer temperatures (mean 
minimum and mean maximum temperatures for January are 13.0 
and 27.7 °c respectively) and low winter temperatures (mean 
minimum and mean maximum temperatures for July are -0.3 and 
11 .1 °c respectively) provided suitable conditions for the 
germination of a large number of species, including species 
restricted to high altitudes in Kosciusko National Park. 
Germinating seedlings were counted, identified and removed 
over a 7 month period which started at the time of the 
sample collection. The soil was stirred at least twice 
during this time to stimulate germination. Randomly placed 
control trays were used to detect the presence of air-borne 
seed. A few individuals of Oxalis corniculata, Epilobium 
ciliatum and Conyza bonariensis grew in these control trays. 
As these species were occasionally found growing in small 
accumulations of soil between the bricks at the base of the 
glasshouse, they were considered contaminants. Their 
presence in any of the experimental trays was therefore 
discounted from the subsequent analyses. 
In January 1984, a survey was made at each of the three 
sampling sites of all the above ground vascular plant 
species occurring within a 30m radius of the centre of the 
Sm x Sm quadrat. 
RESULTS 
Trends in Species Diversity and Abundance 
Throughout the year the carpark and carpark verge 
seedbanks of the 3 ski resorts were dominated by herbaceous 
introduced species, particularly by introduced annual forbs, 
grasses and perennial forbs (Tables 1-3). The division of 
178 
TABLE 1. Species from the Smiggin Holes carpark verge seedbank that were 
recorded in at least three monthly soil collections and/or cx=.irred 
in numbers >5 when surmied for the 14 month sampling period. 
SMIGGIN HOLES 
1983 I 1984 
MONTHS A s 0 N D I J F M A M J J A s 
Introduced Species 
Grasses 
Phleum pratense 2 14 57 55 5 1 
Agrostis capillaris 17 32 3 2 13 4 7 3 3 
Poa annua 1 2 2 13 3 6 10 3 2 
Poa pratensis 11 7 2 7 8 5 2 
Dactylis g1Clll€rata 2 3 
Festuca rubra 3 3 
Perennial Forbs 
T rifo 1 i um re pens 16 1 2 3 4 2 18 2 2 
Achillea millefolium 4 3 - 24 8 7 2 
Cerastium fontanum 7 1 2 1 2 
Trifolium hybridum 2 2 2 
Rumex acetose 11 a 3 
Hypochoeris radicata 
Biennial Forbs 
Medicago lupulina 2 
Annua 1 Forbs 
Polygonum"aviculare" 262 72 11 17 29 14 127 49 12 62 45 154 
Trifolium arvense 2 2 
Native Species 
SedgesL'.Rushes 
Scirpus subtilissimus 13 40 4 8 2 9 16 2 
Juncus bufonius 1 3 1 11 10 2 
Carex hebes 2 2 2 
Luzula australasica 2 
Perennial Forbs 
Epilobium gunnianum 8 6 5 4 
Hypericum japonicum 10 
Gonocarpus micranthus 2 5 2 
Gnapha 1 i um sp. 4 
An nu a 1 Forbs 
Chenopodium album 16 
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TABLE 2. Species from the Perisher Valley carpark verge seedbank that were 
recorded in at least three monthly soil collections and/or cx=.irred 
in numbers >5 when sun-med for the 14 month sampling period. 
PERISHER VALLEY 
1983 I 1984 
MONTHS A s 0 N D I J F M A M J J A s 
Introduced Species 
Grasses 
Poa pratensis 6 36 37 6 4 4 
Festuca rubra 22 2 2 
Poa annua 6 4 7 1 2 
Agrostis capillaris 7 4 2 
Sedges[Rushes 
Juncus articulatus 2 2 
Perennial Forbs 
Achillea millefolium 4 97 242 16 10 
Taraxacum officinale 13 55 34 17 22 10 
Cerastium fontanum 4 6 6 
Tri fol ium re pens 5 3 2 
Biennial Forbs 
Medicago lupulina 8 17 
Annual Forbs 
Polygonum"aviculare" 4 3 2 4 
Sonchus asper 
Veronica arvensis 
Native Species 
Grasses 
Agrostis australiensis - 4 
Sedges[ Rushes 
Scirpus subtilissimus 6 
Perennial Forbs 
Epilobium gunnianum 2 5 11 3 4 
Gnapha 1 i um sp. 2 2 4 
Annual Forbs 
Chenopodium album 5 12 
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TABLE 3. Species from the Guthega carpark seedbank that were recorded 
in at least three monthly soil collections and/or cx:curred in 
numbers >5 when sunrned for the 14 month sampling period. 
GUTH EGA 
1983 I 1984 
MONTHS A s 0 N D I J F M A M J J A s 
Introduced Species 
Grasses 
---
Poa annua 6 3 7 6 21 6 3 8 2 2 
Agrostis capillaris 13 4 2 2 4 
Phleum pratense 7 5 
Poa pratensis 
Sedges[Rushes 
Juncus articulatus 16 3 16 7 6 4 2 
Perennial Forbs 
Achillea millefolium 24 7 7 2 3 22 31 45 5 
T rifo l i um re pens 6 2 5 9 8 5 
Lotus pedunculatus 3 4 4 7 1 3 
Taraxacum officinale 9 6 
Rumex acetosella 2 3 3 2 
Trifolium hybridum 2 2 2 2 
Cerastium fontanum 2 
Rumex crispus 
Biennial Forbs 
Medicago lupulina 7 3 
Cirsium vulgare 
Annual Forbs 
Polygonum"aviculare" 875 296 246 42 34 16 10 5 5 14 68 13 
Trifolium arvense 8 4 2 5 8 3 3 
Trifolium glomeratum 2 2 
Spergularia rubra 
Native Species 
Grasses 
---
Agrostis avenacea 3 
Sedges[Rushes 
Scirpus subtilissimus 47 52 37 20 28 4 5 12 20 
Scirpus habrus 3 3 6 4 2 8 
Juncus bufonius 9 1 
Carex appressa 3 2 
Carex hebes 2 
Perennial Forbs 
Limosella austral is 3 3 6 
Epilobium gunnianum 3 3 
Senecio gunni i 3 3 
Gnaphalium sp. 2 
Epilobium 2 
billardierianum 
Gonocarpus micranthus 2 
Hypericum japonicurn 
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species into annual, biennial and perennial growth forms was 
determined from published floras (Burbidge & Gray, 1976; 
Costin et al., 1979), although it is realised that growth 
forms of an individual species may vary over its 
distributional range in response to specific environmental 
conditions. The only introduced shrub species to germinate 
in the seedbank samples was Citrus sp. (Orange), undoubtedly 
transported and deposited by vehicle occupants! Relatively 
few native species and seedlings were recorded in the 
carpark seedbanks (Tables 1-3). The most commonly occurring 
native species were sedges, rushes and wind-dispersed 
perennial forbs such as Epilobium spp., Gnaphalium spp. and 
Senecio gunnii. Occasional native shrub seedlings germinated 
from the Guthega and Smiggin Holes seedbank samples, and one 
seedling of the dominant subalpine tree species, Eucalyptus 
pauciflora ssp. niphophila, germinated from the Guthega 
sample collected in November 1983. 
The species diversity, composition and abundance over 
the 14 month sampling period for each resort are detailed in 
the following sections. The data are presented as seedling 
and species numbers germinating over a 7 month period per 6 
trays of sieved carpark soil. The seed abundance and species 
diversity measurements recorded in the current study are 
probably an underestimate of the true numbers of seeds and 
species occurring at each site (see discussion). 
a) Smiggin Holes 
A total of 31 introduced and 21 native species 
germinated from the Smiggin Holes carpark verge soil over 
the 14 month sampling period. The diversity of introduced 
species was highest between March and June, with a maximum 
of 14 species recorded in April (Figure 2). The lowest 
introduced species diversities were recorded in summer, with 
an average of 6 species/month. 
FIGURE 2. 'lbe nlIIher of introduced and native species genninating per 
nnnth fmn the &niggin Holes soil scmples, divided into nurrbers 
of annual, biennial and perennial species. 
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182 
A S 0 N D J F M A M J J A S A S 0 N D J F M A M J J A S 
1983 1984 <MONTHS) 
rzl Perenn i a 1 
species 
D Biennial 
species 
1983 
• Annua 1 
species 
1984 <MONTHS) 
183 
Although there were generally more perennial species 
than annual or biennial species in each monthly sample 
(Figure 2), the annual species dominated the seedbank in 
terms of seed numbers (Figure 3). The annual species 
component consisted almost entirely of "Polygonum aviculare" 
(probably a combination of Polygonum aviculare and ~ 
arenastrum), which was a major contributor to the peaks of 
introduced species seed abundance in late winter/early 
spring and in autumn. The most abundant introduced perennial 
species were Phleum pratense, Agrostis capillaris, Trifolium 
repens, Achillea millefolium and Poa pratensis (Table 1). 
The perennial species generally shed their seeds in autumn, 
and were major contributors to the seedbank samples 
collected in April, May and June. The only introduced 
biennial species represented in the Smiggin Holes samples 
were Medicago lupulina and Verbascum virgatum, which 
occurred in numbers of <2 seeds/sample. 
There were generally <5 native species represented in 
each monthly sample, with higher diversities only in August 
1983, September 1983 and March 1984 (Figure 2). Native 
species seed abundance was low throughout the year, with <20 
seeds/sample in all months except August and September 1983, 
where 41 and 56 seeds were recorded respectively (Figure 3). 
Most of the native species were perennials, the most 
abundant of these being Scirpus subtilissimus and Epilobium 
gunnianum. Juncus bufonius was the only abundant annual 
native species in the Smiggin Holes carpark verge seedbank 
samples. No biennial native species were recorded in the 
seedbank samples collected at any resort. Most of the native 
species were present in the largest numbers in the autumn 
samples, with the seed of several species persisting in the 
seedbank until the following spring. 
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FIGURE 3. 'lhe abundance of introduced and native species seed genninating 
per nonth frcm the Smiggin Holes soil sanples, divided into 
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b) Perisher Valley 
A total of 31 introduced and 17 native species 
germinated from the soil of the Perisher Valley overflow 
parking area during the 14 month sampling period. There were 
relatively minor seasonal differences in introduced species 
diversity, although it was slightly higher in the samples 
collected between late autumn and early spring than in the 
remaining samples (Figure 4). Perennial species dominated 
both the number of introduced species and their abundance 
throughout the sampling period (Figures 4 & 5), with the 
most abundant species being Achillea millefolium, Taraxacum 
officinale, Poa pratensis and Festuca rubra (Table 2). The 
only peak of introduced species seed abundance occurred in 
the samples collected in April and May. The early seeding of 
Taraxacum officinale also contributed to the slightly higher 
numbers of introduced species seeds recorded in summer 
compared with those recorded in winter or spring. Poa annua 
and "Polygonum aviculare" were the most frequently occurring 
annual species, but were present in low numbers in 
individual monthly samples (~7 seeds/sample). 
Native species occurred in very low numbers in the 
Perisher Valley samples (Figures 4 & 5), and showed no 
consistent trends in diversity with sampling season. The 
native species were mostly perennials (Figure 4), with 
Epilobium gunnianum being the most abundant species. 
c) Guthega 
The Guthega carpark seedbank had the highest species 
diversities of the 3 resorts, with 38 introduced and 26 
native species germinating over the 14 month sampling 
period. There were pronounced peaks in introduced species 
diversity and abundance in the late winter and spring of 
1983 (Figures 6 & 7). After October 1983, the introduced 
FIGURE 4. 'lbe nmber of introduced and native species genninating per 
rronth fran the Perisher Valley soil sanples, divided into 
nmbers of annual, biennial and perennial species. 
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FIGJRE 5. 'Ihe abundance of introduced and native species seed germinating 
per rronth fran the Perisher Valley soil scnples, divided into 
the abundance of annual, biennial and perennial species. 
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FIGURE 6. 'lbe nmber of introduced and native species germinating per 
nonth fmn the Guthega soil sanples, divided into nurbers 
of annual, biennial and perennial species. 
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FIGURE 7. 'Ihe abundance of introduced and native species seed germinating 
per rronth frcm the Guthega soil sanp1es, divided into the 
abundance of annual, biennial and perennial species. 
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species diversity gradually decreased and the introduced 
species seed abundance dropped from an average of 523 
seeds/sample to an average of 51 seeds/sample. In contrast 
to the other resorts, there was no peak of seed abundance in 
either autumn or spring of 1984. In March 1984 the Guthega 
carpark was graded and a thin layer of gravel was spread 
onto the carpark surface in preparation for the 1984 ski 
season. Thus the low diversity and abundance of introduced 
species after March 1984 almost certainly reflects the 
removal of the resident seedbank and closest above ground 
species (such as "Polyqonum aviculare") rather than a true 
seasonal seedbank pattern. 
A majority of the introduced species recorded in each 
monthly sample were perennials (Figure 6). However, annual 
species dominated the seedbank samples in terms of seed 
numbers (Figure 7), except for April and June when the 
perennial forb Achillea millefolium was the most abundant 
seedbank species (Table 3). By far the most abundant annual 
species was "Polygonum aviculare", which was the main 
contributor to the late winter/spring peak of seed abundance 
in 1983. The annual species Poa annua and Trifolium arvense 
were also moderately abundant over the 14 month sampling 
period. The most abundant perennial species other than 
Achillea millefolium were Juncus articulatus, Trifolium 
repens, Agrostis capillaris and Lotus pedunculatus. These 
latter 4 species were more or less eliminated from the 
carpark seedbank after the disturbance in March 1984. 
Native species were again present in relatively low 
numbers throughout the year, particularly between January 
and July (Figure 7). They were mainly perennial species, 
with the sedges Scirpus subtilissimus and Scirpus habrus 
being the only native species found in numbers of >9 per 
sample (Figure 6 and Table 3). 
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Natural Distributional Ranges of Carpark Seedbank Species 
Approximately 2/3 of the introduced species and most of 
the native species in the carpark and carpark verge 
seedbanks of each ski resort were present in the above 
ground vegetation within a 30m radius of the sampling site. 
Of the remaining 23 introduced species and 4 native species 
which were absent from the surrounding above ground 
vegetation (a combined total for the 3 resorts, and listed 
in Table 4), 7 are occasional components of the subalpine 
flora. The remaining 20 species are found only at montane or 
lower altitudes. Of this latter group, 8 species have not 
yet been recorded within the central region of Kosciusko 
National Park. Most of the 27 species were present in the 
seedbank samples in low numbers, generally as 1 or 2 seeds 
per sample. 
The introduced and native species whose presence in the 
carpark seedbanks could not be explained by local seed 
dispersal were predominantly annual species (18 of the 27 
species). In addition, 76% of the total seed numbers of 
these species occurred in the seedbank samples which were 
collected during the two highest visitation periods in 
Kosciusko National Park. These are the ski season (June to 
October) and summer (December to March) (Table 4). Many of 
the species have hairs, spines, awns or bristles attached to 
the seeds or fruit which would enhance their dispersal by 
vehicle tyres (e.g. Medicago polymorpha, Medicago minima, 
Trifolium glomeratum, Vulpia spp., Cynoglossum australe), or 
have small seeds which could be easily transported in the 
mud attached to vehicles (e.g. "Polygonum aviculare", Juncus 
spp., Limosella australis). 
TABLE 4. Species recorded in the carpark seedbank samples which were 
absent from the surrounding above ground vegetation, showing 
the resort and month in which they were =llected. 
A/ SPECIES WHICH ARE OCCASIONAL COMPONENTS OF THE SUBABLPINE FLORA, 
BUT ARE NOT FOUND WITHIN A 30 METRE RADIUS OF THE SAMPLING SITE. 
Introduced SQeCies 
Aira caryophyllea Grass Ann G 3/84 
Vulpia myuros Grass Ann PV 1,3/84; G 3,4/84 
Juncus ef f usus Rush Per PV 9/83 
Medicago lupulina Forb Bi SH 1,5,8/84; PV 8,11/83; G 8, 11/83 & 1/84 
Trifolium arvense Forb Ann SH 8, 11/83 & 1,3,9/84; G 8/83 & 3-9/84 
Native S~cies 
Cynoglossum australe Forb Per PV 3/84 
Limosella australis Forb Per G 3, 7,8,9/84 
B/ SPECIES WHICH HAVE NOT BEEN RECORDED IN THE SUBALPINE ZONE, 
BUT OCCUR AT MONTANE OR LOWER ALTITUDES. 
Introduced SQecies 
Cotoneaster sp. Shrub Per G 2/84 
Vulpia megalura Grass Ann G 3/84 
Panicum laevifolium Grass Ann PV 10/83 
Modiola caroliniana Forb Per SH 4/84 
Verbena bonariensis Forb Per SH 11/83 & 9/84 
Medicago minima Forb Ann G 11/83 
Trifolium campestre Forb Ann SH 4/84 
Trifolium cernuum Forb Ann PV 10/83; G 2/84 
Trifolium dubium Forb Ann PV 10/83; G 11/83 
Trifolium glomeratum Forb Ann SH 1,6/84; PV 9/84; G 12/83 & 1,4,7/84 
Native S~ies 
Agrostis avenacea Grass Ann G 5, 7,8/84 
Chenopodium pumilio Forb Ann SH 11/83; PV 11, 12/83; G 11/83 & 7/84 
Cf SPECIES NOT PREVIOUSLY RECORDED FROM MONTANE OR SUBALPINE ZONES 
IN CENTRAL KOSCIUSKO NATIONAL PARK. 
Introduced SQecies 
Citrus sp. 
8romus catharticus 
Eleusine tristachya 
Loli um rig i dum 
Medicago polymorpha 
Spergula arvensis 
Lycopersicon sp. 
Trifolium striatum 
KEY Ann = Annual 
Bi Biennial 
Per = Perennial 
Shrub Per SH 10/83; PV 9/83 
Grass Ann SH 2/84 
Grass Per PV 7/84 
Grass Ann PV 2/84 
Forb Ann PV 7/84 
Forb Ann G 12/83 
Forb Ann G 10/83 
Forb Ann SH 12/83 & 9/84 
SH = Smiggin Holes 
PV Perisher Valley 
G = Guthega 
12/83 = month/year of sample collection 
Source= Thompson & Gray (1981), unpub. records of the author 
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DISCUSSION 
The number of species and germinable seedlings in the 
ski resort carpark soil samples were much lower than those 
recorded in the Kosciusko Road road verge seedbanks of 
comparable altitudes and time of soil collection (Mallen-
Cooper, Chapter 3 of this thesis). However, they were still 
relatively high considering the frequency of disturbance of 
the parking areas. The different seasonal patterns observed 
in the species diversity and seed abundance of the three 
carpark seedbanks appears primarily to be a result of the 
different life history strategies of their respective 
dominant seedbank species. Particularly important are 
probably the seasonal input of seeds and the seed dormancy 
characteristics of the major seedbank species (cf Thompson & 
Grime, 1979; Graham and Hutchings, 1988). For example, the 
most abundant species in the carpark seedbanks of Smiggin 
Holes and Guthega ("Polygonum aviculare") was virtually 
absent from the Perisher Valley samples. As "Polygonum 
aviculare" was the only species recorded in this study which 
contributed large numbers of germinable seeds to the soils 
collected in August, September and October; the spring peak 
of seed abundance apparent at both Guthega and Smiggin Holes 
was not observable in the samples collected from Perisher 
Valley. Autumn was the second major period of both native 
and introduced species seed inputs to the soil. This autumn 
seed input was greatly reduced at Guthega as a result of the 
major disturbance to the Guthega sampling site in March 
1984. 
Annual variations in soil seed abundance have been 
noted by other authors (e.g. Kellman, 1974), resulting from 
the responses of individual species to varying environmental 
conditions. In the current study, the total seed abundance 
in each carpark sample in August and September 1983 was 
considerably higher than for the same period in 1984. 
Differences in the depth and duration of snow cover and the 
subsequent growing season conditions may directly influence 
the germination, establishment and reproductive success of 
species at these sites in successive years. The 
environmental conditions also influence the management 
practices and human activites carried out at each resort; 
including the amount of snow clearing required during 
winter, the carpark and carpark verge maintenance works 
required during the year and the number of vehicles using 
the parking areas. These activities probably have a more 
significant impact on the seasonal species diversity and 
seed abundance than the changes in physical environmental 
conditions per se. 
194 
If the persistence and seasonal distribution of seeds 
of the dominant species in the seedbank are considered 
(Tables 1 to 3), three major types of seedbanks can be 
recognised (similar to those described by Thompson & Grime, 
1979). The first of these was characterised by one species 
only, Taraxacum officinale, representing species with 
transient seedbanks present in the summer and autumn only. 
The second type was characterised by several grass species 
(e.g. Phleum pratense, Poa pratensis and Festuca rubra) and 
perennial forbs (e.g. Epilobium gunnianum), representing 
species with transient seedbanks present from mid-
summer/autumn to the end of winter or early spring. The 
third seedbank type, species with persistent seedbanks, 
included both annual and perennial species. Some of these 
species were present in relatively low numbers throughout 
the year (e.g. Poa annua, Trifolium hybridum, Trifolium 
repens and Juncus bufonius), while others had pronounced 
peaks of seed abundance in autumn and/or spring (e.g. 
"Polygonum aviculare" and Agrostis capillaris). Although the 
large seasonal peaks in the number of germinable seeds of 
species such as "Polygonum aviculare" are probably related 
to seasonal seed inputs, the smaller peaks may just relate 
to a patchy spatial distribution of seeds at the sampling 
sites. 
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The above ground and soil seedbank floras are 
frequently dissimilar (see reviews by Roberts, 1981; 
Silvertown, 1982). Species restricted to the soil seedbank 
are typically early successional species that were 
previously established at the site, but were replaced by 
more competitive species as the vegetation cover developed 
(e.g. Chippindale & Milton, 1934; Oosting & Humphreys, 1940; 
Johnson, 1975; Donelan & Thompson, 1980). In contrast, the 
27 species found in the carpark seedbanks which were absent 
from the surrounding above ground vegetation were mostly 
species which have not been observed growing at these 
altitudes (Thompson & Gray, 1981; personal observations of 
the author). These species have therefore almost certainly 
been transported by vehicles (including snowclearing and 
road maintenance vehicles) and/or their occupants. At 
Guthega ski resort, seeds may additionally have been 
introduced to the carpark soils as contaminants in the 
gravel spread onto the carpark surface in March 1984. 
Vehicles are also likely to transport seeds over 
shorter distances, such as moving seeds from site to site 
within the subalpine zone. In the current study, this is 
difficult to differentiate from the local seed dispersal 
resulting from natural agents. However, nearly all the 
native and introduced species found in the carpark seedbanks 
in numbers >20 (totals for the 14 soil samples collected at 
a particular resort) were also recorded in numbers >10 in 
the nearby Canberra carwash flora (Wace, 1979). The 
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exceptions were Achillea millefolium, Phleum pratense and 
Lotus pedunculatus. Similar to the current study, Polygonum 
aviculare was the most abundant carwash species (Wace, 
1979). 
Fifteen of the 22 carpark seedbank species whose upper 
altitudinal limit occurs in or below the montane zone were 
annual species adapted to disturbed sites, and probably able 
to retain their viability for long periods in the soil. 
Nonetheless, it is likely that most of these newly 
introduced seeds will fail to germinate in the carpark and 
carpark verge soils as, for example, their specific 
germination requirements may not be met in the new 
environment. Even if germination was successful, factors 
such as frost, low temperatures, desiccation and further 
vehicle trampling are likely to cause seedling death before 
reproductive maturity is reached. However, it must also be 
remembered that in an area such as Kosciusko National Park, 
any successful introductions may in the long term prove to 
be a threat to the conservation of the natural plant 
associations. 
In the current study, the recorded numbers of species 
and seeds are probably a considerable underestimate of the 
actual carpark seedbank flora. Although the area of soil 
sampled at each site was large, an important factor in the 
collection of representative seedbank samples (Whipple, 
1978; Forcella, 1984; Thompson, 1986; Bigwood & Inouye, 
1988), several other factors probably contributed to an 
underestimation of the seedbank flora. These include i) the 
washing of the carpark soil through a series of 3 sieves, 
which may have damaged some seeds and led to the loss of any 
seeds with a diameter less than the mesh size of the finest 
sieve (0.4 mm); ii) the glasshouse environment and the 7 
month germination period may not have been suitable for the 
germination of some species (see Mallen-Cooper, Chapter 3 of 
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this thesis); and iii) the presence of oil and petrol in 
some of the samples may have killed some seeds. In addition, 
some seeds dispersed by vehicles may have been lost en route 
to the resorts, and others probably remained attached to the 
vehicles for the duration of their stay in the carparks. 
Although the diversity and abundance of the carpark 
flora may be underestimated, the study indicates that 
vehicles are a significant agent for the introduction and 
transfer of species within the high altitude areas of 
Kosciusko National Park. The potential for the spread of 
undesirable species is probably increasing each year with 
the continuing increase in Park visitation, and with the 
large growth in the use of off-road vehicles. 
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CHAPTER 5. 
THE GERMINATION AND ESTABLISHMENT OF INTRODUCED SPECIES 
ABOVE THEIR CURRENT ALTITUDINAL LIMITS IN KOSCIUSKO 
NATIONAL PARK, SOUTH-EASTERN AUSTRALIA. 
ABSTRACT 
Many introduced species in Kosciusko National Park 
are restricted to subalpine and lower altitudes. This 
study aimed to determine whether such species are likely 
to expand their distribution over time, or whether their 
absence from the alpine zone is related to factors 
preventing their successful germination and/or maturation 
in this zone. Seed of two introduced species whose 
present distributional limit is reached in the high 
subalpine zone (Rumex crispus and Verbascum virgatum), 
together with seed of an introduced species which is 
widely distributed at all altitudes (Rumex acetosella), 
was planted into four alpine plant communities in April 
1984. The communities selected were a dense grassland 
dominated by Poa spp., an area of dead Poa grassland, a 
snow patch community and a feldmark community. The 
responses of each introduced species to fertiliser and 
the removal of the existing vegetation were also tested. 
Seeds of the three species were able to germinate in 
the cleared plots of all plant communities, and in the 
uncleared plots of the snow patch and feldmark 
communities where the natural vegetation cover is sparse 
and low-growing. No seeds were able to germinate in the 
uncleared grassland plots. Fertiliser generally increased 
the number of seedlings germinating in the first growing 
season, except for the plots in the dead grassland 
community and in the uncleared live grassland plots. In 
the second growing season, more seedlings of each species 
germinated in the unfertilised plots. Plants of Rumex 
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crispus and Verbascum virgatum grew only two to six 
leaves in the first and subsequent growing seasons, while 
those of Rumex acetosella produced up to 20 leaves. 
Seedling mortality was high in all plant communities 
during the first growing season. Except for one plant of 
Rumex acetosella, all seedlings remained sterile. No 
seedlings of Rumex crispus or Verbascum virgatum, and 
only a small number of the Rumex acetosella seedlings, 
survived the first winter. New seedlings of all species 
germinated in the second growing season, particularly of 
Rumex crispus. However, only seedlings of Rumex 
acetosella in the cleared, unfertilised snow patch and 
dead grassland plots; and in the uncleared, fertilised 
feldmark plots; were able to attain reproductive 
maturity. 
The results of this experiment suggest that a dense 
cover of native vegetation is effective in limiting the 
germination of introduced species seed. Where germination 
is possible in open plant communities and in disturbed 
sites, the slow growth rate of seedlings of species such 
as Rumex crispus and Verbascum virgatum and their 
susceptibility to environmental hazards currently 
prevents their successful establishment in the alpine 
areas of Kosciusko National Park. 
INTRODUCTION 
The alpine area of Kosciusko National Park covers 
approximately 250 km 2 and supports about 200 species of 
native plants (Costin et al., 1979). Despite widespread 
disturbance of the alpine area over the last 150 years as 
a result of grazing, burning, construction and 
recreational use, relatively few introduced species have 
been able to establish and reproduce successfully in this 
area. Most of the 48 introduced species that have been 
recorded in the alpine zone (Mallen, 1986) are restricted 
to disturbed sites, and many are represented by a single, 
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sterile individual. The species which have been most 
successful in colonising open areas in the native plant 
communities away from walking tracks, roads and buildings 
are the forbs Rumex acetosella, Hypochoeris radicata, 
Taraxacum officinale and Cerastium fontanum ssp. 
triviale. 
The decreasing diversity and abundance of introduced 
species with increasing altitude in Kosciusko National 
Park (Mallen, 1986; Mallen-Cooper, Chapters 2 and 3 of 
this thesis) may be attributed to a number of factors. 
These include the severity of the environmental 
conditions (such as the short growing season extending 
approximately from December to March, the period of snow 
cover, low temperatures, high incidence of frost, high 
levels of solar radiation and low soil nutrient 
availability), the dense cover of native species in many 
of the alpine plant communities, and perhaps a reduced 
availability of suitable dispersal and/or pollinating 
agents. It is also possible that some introduced species 
have not had enough time to reach their distributional 
limits (Forcella & Harvey, 1983; Forcella, 1985). Many 
introduced species in Kosciusko National Park have their 
upper distributional limits close to the boundary between 
the subalpine and alpine areas, and it is possible that 
they may extend into the alpine areas over time. 
The current study was carried out to test whether 
introduced species which are currently widespread in 
montane and subalpine areas, but are rare or absent from 
alpine areas, could in fact survive and reproduce at 
higher altitudes. The species selected were the forbs 
Rumex crispus L. (Curled Dock) and Verbascum virgatum 
Stokes (Twiggy Mullein). In addition, Rumex acetosella L. 
(Sorrel) was used in the experiment so that a comparison 
could be made between the germination and establishment 
of a species which is already successfully naturalised in 
the alpine zone, with those of the two lower altitude 
species. 
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Rumex crispus is a perennial species, ''although 
often behaving as an annual or biennial in arable land" 
(Cavers & Harper, 1964, p760; location not specified). It 
generally does not flower and set seed until the second 
growing season, except in the most favourable 
environments (Cavers & Harper, 1964; Hongo, 1989a). 
Mature plants can produce up to 80,000 seeds (achenes) 
per year (Weaver & Cavers, 1979a). The seeds have no 
innate dormancy (Baskin & Baskin, 1985), and can remain 
viable in the soil for at least 80 years (Darlington & 
Steinbauer, 1961). In Kosciusko National Park, Rumex 
crispus is generally most abundant in damp areas with a 
relatively high nutrient status (such as sewage outflow 
areas, drains), but plants are also found along road 
verges and in other disturbed sites. 
Verbascum virgatum is a biennial forb, and therefore 
generally flowers in the second year of growth. 
Individual mature plants can produce very large numbers 
of small seeds, which can remain viable in the soil for 
long periods. Seeds of the similar species Verbascum 
thapsus and Verbascum blattaria can remain viable for at 
least 100 years (Kivilaan & Bandurski, 1981). In 
Kosciusko National Park, Verbascum virgatum is most 
abundant in open, disturbed sites such as road verges, 
dam foreshores and borrow pits. Both Verbascum virgatum 
and Rumex crispus occur in the high subalpine areas of 
Kosciusko National Park, but no mature individuals have 
been observed in the alpine zone (Costin et al., 1979; 
Thompson & Gray, 1981; observations of the author). 
Rumex acetosella is a perennial forb which is common 
in the cool, high rainfall areas of Australia (Archer & 
Martin, 1979). Its success has been attributed to its 
strongly rhizomatous habit and its ability to grow on 
poor and/or acidic soils (Harris, 1970a; Archer & Martin, 
1979). Rumex acetosella is abundant in open, disturbed 
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sites at all altitudes in Kosciusko National Park. It is 
one of the few introduced species that has also 
established widely in open areas in relatively 
undisturbed plant communities. 
METHODS 
Seeds of Rumex crispus, Verbascum virgatum and Rumex 
acetosella were collected in late January 1984 from road 
verges at Guthega ski resort, which is located in the 
subalpine zone of Kosciusko National Park (1620m 
altitude). The seeds were stored in paper bags in cool, 
dry conditions until sowing. Seeds of the three species 
were sown into four alpine plant communities in an area 
close to Carruthers Peak (Figure 1) on 22 and 23 April 
1984. Unplanted control plots were also established in 
each community to check for any natural dispersal of the 
selected species to the sampling sites, and for any 
germination of the species from seed stored in the soil. 
The four plant communities are described briefly below, 
and further details are provided in Table 1 . 
(i) a dense grassland community dominated by Poa spp. 
(Snowgrasses), which provided almost 100% cover (Photo 
1 ) ; 
(ii) an area of dead Poa grassland (Photo 2), 
representing part of a natural successional sequence that 
occurs after severe drought, prolonged snow cover or 
insect attack (Costin et al., 1979). Areas of dead 
snowgrass provide a favourable environment for the 
colonisation of many native herbaceous species, such as 
Craspedia spp. (Billy Buttons). 
(iii) a snow patch community of sparse low-growing, mat-
forming and cushion plants in an area of late snow lie 
(Photo 3); and 
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FIGURE 1. Map of the study area showing the location of 
the sampling sites. 
0 
MOUNT 
CLARKE 
KEY: 
1: 50 000 
= Road 
= Walking track 
SAMPLING SITES 
~1 = Dense Poa spp. grassland 
~2 = Snow patch 
~3 = Windswept feldrnark 
~4 = Dead grassland 
Contour interval = 100rn 
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TABLE 1. Characteristics of each sample site. Species 
nomenclature follows Costin et al. (1979). 
COMMUNITY SLOPE 
( 0) 
Snow patch 28 
Feldmark 
Dense 
Grassland 
Dead 
Grassland 
5 
1 7 
8 
ASPECT 
( 0) 
145 
180 
145 
130 
ALT. 
( m) 
2020 
2080 
2040 
2000 
SPECIES IN SAMPLE PLOTS 
Epilobium tasmanicum 
Mantia australasica 
Craspedia sp. F 
Senecio lautus 
Agrostis muellerana 
Paa costiniana 
Epacris microphylla 
Epacris petrophila 
Helipterum albicans ssp. alpinum 
Luzula oldfieldii ssp. dura 
Colobanthus pulvinatus 
Poa costiniana 
Ranunculus muelleri 
Poa costiniana 
Poa hiemata 
Danthonia nudif lora 
Carex hebes 
Uncinia sp. 
Hymenanthera dentata 
Lycopodium fastigiatum 
Erigeron pappocromus form B 
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PHOTO 1. 
PHOTO 2. 
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Dense grassland community dominated by Poa spp. ( Snowgrasses). 
An area of dead Poa grassland, probably resulting from 
environmental conditions such as drought, insect attack or 
prolonged snow cover. 
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PHOTO 3. Snow patc h community . 
PHOTO 4. 1oN windswe p t feldmark . 
(iv) a low windswept feldmark dominated by prostrate 
shrubs of Epacris microphylla (Coral Heath) and Epacris 
petrophila (Snow Heath), interspersed with sparse low-
growing herbs (Photo 4). 
All sampling sites were located in an area that was 
heavily grazed until 1944. Extensive soil conservation 
measures were applied to the most severely eroded 
sections following the cessation of stock grazing, 
including the provision of stone-lined drains, 
revegetation with exotic species, fertilising and 
mulching (Clothier & Condon, 1968; Good, 1976). The 
sample sites were selected in areas which appeared not to 
have been directly affected by this soil conservation 
work. 
The effects of two factors (and their interaction) 
were studied in each plant community; nutrient addition 
and the disturbance of the existing vegetation. Four 
treatments were therefore possible in each community. 
These were fertiliser added at the time of sowing at a 
rate of 250 kg/ha and all existing vegetation cleared 
from the plots (F-C), fertiliser added (as above) and the 
existing vegetation left undisturbed (F-NC), no 
fertiliser added and all existing vegetation cleared from 
the plots (NF-C), and no fertiliser added and the 
existing vegetation left undisturbed (NF-NC). The 
fertiliser used is known as "Starter 12", and contains 
11% (by weight) nitrogen as ammonia, 22.8% phosphorus 
(21% water soluble), 0.4% calcium as superphosphates and 
1.5% sulphur as sulphates. It is recommended as the 
initial fertiliser treatment in revegetation programmes 
in Kosciusko National Park. Vegetation was removed only 
at the time of sowing, and any regeneration of the native 
vegetation during the course of the experiment was left 
undisturbed. Due to the high conservation significance of 
the feldmark vegetation, no plots were cleared in this 
community. 
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Within each treatment, seeds were sown in four 30cm 
x 30cm plots in a Latin square design. Each row (and 
column) of the Latin square contained one plot of each 
species (Rumex crispus, Verbascum virgatum and Rumex 
acetosella) and one unseeded plot. Seeds were sown evenly 
onto the soil surface of each seeded plot at a density of 
500 seeds per plot. Germination tests indicated that more 
than 92% of all seeds were viable at the time of sowing. 
The plots were watered immediately after sowing to reduce 
the likelihood of the seeds blowing away. In addition, 
some of the plant material which had been cleared from 
the disturbed plots was re-distributed onto these plots 
to a depth of approximately 1cm in an attempt to prevent 
the seeds and soil from washing downslope in heavy rains. 
Plots were monitored at irregular intervals over a four 
year period, with counts being made of the number of 
seedlings present in each plot. 
An analysis of variance (ANOVA) was carried out to 
determine the effects of the factors plant community, 
nutrient addition, vegetation disturbance and species on 
the numbers of seedlings germinating by the end of the 
first growing season (expressed as log10 [seedling 
numbers+ 1]). Separate ANOVAs were carried out to 
determine the relationships between the numbers of 
germinating seedlings (as above) and the factors nutrient 
addition, vegetation disturbance and species within each 
community. All analyses were carried out using the GLM 
procedure of the SAS statistical package (SAS Institute, 
1988). 
RESULTS 
Germination and Establishment in the First Growing Season 
During the first growing season seed of Rumex 
crispus, Verbascum virgatum and Rumex acetosella 
germinated in the cleared plots of all plant communities 
and in the undisturbed plots of the snow patch and 
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feldmark communities. Seedlings had established by early 
January in all communities except the snow patch 
community, which remained snow-covered until mid-February 
(Figure 2). No seeds germinated in the uncleared plots of 
the live and dead Poa grassland communities, or in the 
unplanted control plots. Seedling establishment was very 
patchy in all communities, with micro-environmental 
conditions apparently playing a major role in the success 
or failure of seed germination and establishment. 
This was especially noticeable in the snow patch and 
feldmark communities, where seedlings established only 
where they were directly below or within a short distance 
from rocks and existing vegetation. Seedling numbers 
recorded in this study are probably minimum estimates, as 
it is probable that some seedlings germinated, died and 
disappeared between measurement periods. 
By 10 January 1985 the number of seeds germinating 
within individual 30cm x 30cm plots varied between 0 and 
87 for Rumex acetosella, 0 and 83 for Rumex crispus and 
between 0 and 51 for Verbascum virgatum (using the data 
for all plant communities). There was a high mortality of 
germinated seed as the growing season progressed 
(Figure 2), although this was compensated to a small 
degree by some sporadic germinations of new seedlings. 
The seedling mortality was probably increased by the very 
dry conditions experienced in January 1985, as many 
desiccated seedlings were observed during this period. By 
the end of March 1985, less than half and generally less 
than one-third of the number of seedlings that had been 
present in each plot in January were still surviving. The 
only exception to this was the snow patch plots where 
seedlings had only recently germinated, and their numbers 
were still relatively high. 
Despite the variability in seedling numbers per 
plot, there were significant differences in the total 
numbers of seedlings of each species recorded in the 
first growing season (log10 [nos + 1)) among plant 
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communities (df=3, F=18.3, p<0.0001), and in the species 
responses to fertilisation and disturbance within each 
plant community (Table 2). No seeds of any species were 
able to germinate in the uncleared plots of the live or 
dead Poa grasslands, and generally less seeds of Rumex 
acetosella and Rumex crispus germinated in the uncleared 
plots of the snow patch community than in the equivalent 
cleared plots (especially in the absence of fertiliser). 
The numbers of Verbascum virgatum seedlings generally 
remained low in both cleared and uncleared plots of all 
communities (Figure 2). 
The addition of fertiliser had a significant effect 
on the numbers of seeds germinating in the cleared plots 
of the snow patch and live Poa grassland communities, and 
in the uncleared plots of the snow patch and feldmark 
communities (Figure 2). Even with the addition of 
fertiliser, no seedlings germinated in the uncleared 
grassland plots. In the cleared grassland plots, the 
addition of fertiliser appeared to stimulate earlier 
germination of Rumex crispus, and delay the germination 
of Rumex acetosella. 
Throughout the first growing season, all established 
seedlings remained sterile with the exception of one 
plant of Rumex acetosella in a plot within the feldmark 
F-NC treatment. This plant flowered in late summer, but 
had not set viable seed by 31 March 1985. The plants of 
Rumex acetosella grew more rapidly than those of the 
remaining species, with up to 20 leaves forming on the 
most developed plants. Seedlings of Rumex crispus and 
Verbascum virgatum formed only 2 to 6 leaves during the 
first growing season. 
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TABLE 2. Analysis of variance of the log10 (numbers of seeds +1) 
germinating in the first growing season in each plant community 
in relation to the factors fertiliser, clearing and species. 
COMMUNITY FERTILISER CLEARING SPECIES FERT X CLEAR 
( df = 1 ) ( df = 1 ) (df=2) ( df = 1 ) 
F p>F F p>F F p>F F p>F 
Snow Patch 6.6 .0145 11 . 8 .0015 11 . 6 .0001 0.5 ns 
Dense 6.2 .0177 118. 4 .0001 7.3 .0022 6.2 .0177 
Grassland 
Dead 0. 1 ns 68.0 .0001 12.3 .0001 0. 1 ns 
Grassland 
Feldmark * 8.4 . 011 7 4. 1 .0389 
KEY: 
* no plots were cleared in the feldmark community 
ns not significant 
df degrees of freedom 
Establishment of Seedlings in the Second and Subsequent 
Growing Seasons 
The only seedlings to survive the 1985 winter were 
several individuals of Rumex acetosella growing in the 
feldmark F-NC plots, which flowered in January 1986 and 
set viable seed by the end of the second growing season. 
However, many new seedlings of all three species had 
germinated in each community by January 1986, with Rumex 
crispus seedlings being particularly abundant (Figure 2). 
The high numbers of Rumex crispus seedlings germinating 
in all treatments in the second year (except in the 
uncleared grassland plots) meant that Rumex crispus 
generally achieved the greatest success in terms of 
percentage germination in the first two growing seasons 
(total recorded germinations in 1985 and 1986 as a 
percentage of the 500 seeds sown). The average percentage 
germination over this time interval was 9.1% per plot for 
Rumex crispus, compared with 4.5% for Rumex acetosella 
and 1.1% for Verbascum virgatum (data for the uncleared 
grassland plots were not included in these calculations). 
Approximately 4 years after sowing, no plants of 
Verbascum virgatum remained at any site (Figure 2). Three 
Rumex crispus seedlings were recorded in the snowpatch 
community (NF-C), all apparently recent germinations. In 
contrast to these two species, Rumex acetosella was 
present in the cleared plots of all plant communities, 
and also in the uncleared plots of the snow patch and 
feldmark communities. Rumex acetosella had reproduced 
successfully in the dead Poa grassland (NF-C), feldmark 
(F-NC) and snow patch (NF-C) sites. Thus the seedlings of 
Rumex acetosella recorded in March 1988 were a 
combination of adult plants from previous growing 
seasons, offspring of the reproductively mature 
individuals and seedlings germinated from the original 
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sewings. Native species had recolonised the cleared plots 
of the live Poa grassland, dead Poa grassland and snow 
patch communities, providing an average cover of 10%, 30% 
and 5% respectively. 
DISCUSSION 
Germination and Establishment in the Four Alpine Plant 
Communities 
The relatively low and variable germinations of 
Rumex crispus, Verbascum virgatum and Rumex acetosella in 
the four alpine plant communities were similar to the 
results obtained in studies of the germination and 
establishment of these or closely related species in 
other environments (e.g. Weaver & Cavers, 1979a,b; Gross, 
1980). High seedling mortality during the first growing 
season and low percentage survival of seedlings over the 
first winter have also been observed by many authors 
(e.g. Cavers & Harper, 1967; Sarukhan & Harper, 1973; 
Weaver & Cavers, 1979a,b; Hongo 1989a,b), particularly 
where seeds were sown into small gaps within existing 
vegetation or into undisturbed herbaceous vegetation. The 
major factors contributing to the mortality of seedlings 
in the current experiment were probably (i) desiccation, 
resulting from both strong winds and periods of low 
precipitation. Many dehydrated seedlings were observed 
during the first two growing seasons (cf Weaver & Cavers, 
1979a; Prince & Carter, 1985); (ii) frost heave, thought 
to be the major cause of seedling mortality in the alpine 
areas of Kosciusko National Park by Costin & Wimbush 
(1963); (iii) low temperatures, particularly in relation 
to their retardation of plant growth (cf Korner, 1989); 
(iv) early snowfalls and periods of heavy rain (cf Cavers 
& Harper, 1967; Weaver & Cavers, 1979a); and (v) 
predation. Several plants of Rumex acetosella in the dead 
Poa grassland plots were observed being grazed by insect 
larvae and adult weevils in March 1985 (cf Weaver & 
Cavers, 1979a). 
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Germination of Rumex crispus, Verbascum virgatum and 
Rumex acetosella was generally stimulated by the removal 
of the existing vegetation and by the addition of 
nutrients. Similar to the findings of Whigham (1984) and 
Hobbs & Atkins (1988), the highest number of germinations 
generally occurred in the plots which had been both 
cleared and fertilised. The only community in which 
fertiliser did not significantly increase seed 
germination in the first growing season was the dead Poa 
grassland. The reason for this is unknown, but it is 
possible that the natural soil nutrient levels were 
higher at this site as a result of nutrients returned to 
the soil from the decomposition of the previously 
existing vegetation. Leaves of high altitude herbs can 
contain relatively high nutrient contents, especially of 
nitrogen (Korner, 1989). 
It appears that the initial germination of 
introduced species seedlings is limited more by space and 
interference from existing vegetation than as a direct 
result of the climatic conditions associated with high 
altitude environments. In the absence of disturbance, 
seeds of the three species were only able to germinate in 
the two plant communities in which the natural vegetation 
cover was sparse and low-growing (snow patch and 
feldmark), although these communities provide the least 
favourable conditions for plant growth of all the alpine 
communities. Snow patch communities are found in late-
lying snowdrift areas on leeward slopes, and often remain 
snow-covered for most of the growing season. Feldmark 
communities occur along cold and very wind-exposed 
ridges, and are subject to freezing conditions in winter 
and spring because the snow is blown off by the 
prevailing winds (Costin et al., 1979). Within these 
communities seeds were able to germinate in open areas, 
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but only where they were close to existing vegetation and 
around the edges of rocks. Here they were afforded some 
protection from wind, frost, runoff and extreme moisture 
loss. 
Although the climatic conditions are less extreme in 
the grassland communities, the dense cover of native 
species (when undisturbed) was able to totally exclude 
the germination of seeds of the three introduced species, 
even when the grass tussocks were dead and in the form of 
a thick cover of attached litter. The prevention of 
seedling germination and maturation in grassland swards 
has been noted by other authors (Sagar & Harper, 1960, 
1961; Putwain et al., 1968; Putwain & Harper, 1970; 
Weaver & Cavers, 1979a; Hongo, 1989a), including 
grasslands that had been cut or grazed. Putwain et al. 
(1968) suggested that the maintenance and increase of the 
grassland species in closed swards was achieved mostly by 
vegetative reproduction rather than by seedling 
establishment. 
Species Performances 
Rumex acetosella was able to flower and set viable 
seed in the second growing season in the feldmark, snow 
patch and dead Poa grassland communities, but only in 
plots of low-growing vegetation (feldmark F-NC plots) or 
in plots which had been cleared of vegetation (snow patch 
and grassland NF-C plots). The number of flowering and 
seed-producing plants was low in all communities, similar 
to the findings of Weaver & Cavers (1979b) and Hongo 
(1989a). The reproductive success of Rumex acetosella in 
open sites over a range of nutrient conditions is not 
unexpected given that it is probably the most widely 
naturalised introduced species in the alpine zone of 
Kosciusko National Park, and is an efficient primary 
coloniser. Although it rarely provides much cover, it is 
a well-established component of the snow patch and 
feldmark communities as well as in intertussock spaces in 
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the grassland communities. The delay of flowering of 
Rumex acetosella until the second growing season (except 
for one plant) is typical of species found in high 
latitude and high altitude environments (Putwain et al., 
1968; Harris, 1970b; Pringle et al., 1975; Grime, 1977; 
Hume & Cavers, 1983; Korner, 1989). In these environments 
plant growth is restricted by low temperatures during the 
short growing season, and vegetative growth is frequently 
a more successful strategy than reproduction by seeds. 
The inability of Rumex crispus and Verbascum 
virgatum seedlings to survive the winter appeared to be a 
result of the slow growth rate of the individual plants, 
and their correspondingly small size at the end of the 
growing season. Both species had a slower growth rate 
than Rumex acetosella, with the seedlings generally 
attaining less than half the number of leaves produced by 
the most-developed Rumex acetosella plants. Since Rumex 
crispus and Verbascum virgatum generally require at least 
two years to reach reproductive maturity (even in the 
more favourable conditions in the subalpine zone), their 
failure to overwinter precludes their successful 
establishment in the alpine zone. It would be interesting 
to test the germination and establishment of annual 
introduced species in the four alpine plant communities 
(again selecting species which are currently restricted 
to subalpine and lower altitudes), to see if they could 
grow rapidly enough in the alpine zone to complete their 
life cycles in one growing season. Few native species are 
able to adopt an annual life cycle in the alpine zone of 
Kosciusko National Park. Costin et al. (1979) record a 
total of 7 annual native species from a native flora of 
approximately 200 species. 
In all treatments within each plant community, 
Verbascum virgatum had a lower number of seedlings 
germinating and a higher seedling mortality in the first 
growing season than the two Rumex species. The poor 
performance of Verbascum virgatum may relate to its 
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smaller seed size, with individual seeds containing 
smaller nutrient reserves and probably dehydrating more 
quickly than the larger Rumex seeds. The smaller 
Verbascum virgatum seeds are also likely to be 
incorporated more easily into the soil, and may have 
required further disturbance to stimulate germination. 
The relatively large and flat leaf shape of Verbascum 
virgatum may also be a disadvantage in periods of intense 
insolation and moisture stress during summer, when the 
ability of leaves to keep cool and prevent excessive 
water loss may be critical for their survival. In a 
series of glasshouse experiments in which selected 
introduced and native species were grown in monocultures 
and multispecies mixtures along a nutrient gradient 
consisting of 7 levels of nitrogen and phosphorus 
(Mallen-Cooper, Chapters 6, 7 & 8 of this thesis), 
Verbascum virgatum was a low to moderate yielding species 
which was easily overtopped by taller-growing species. In 
both monocultures and mixtures and at all nutrient 
levels, Verbascum virgatum generally had a lower shoot 
biomass and a considerably lower root biomass than either 
Rumex crispus or Rumex acetosella. Verbascum virgatum was 
the only introduced species tested to have similar yields 
to the slower-growing native species at low and moderate 
nutrient levels. 
In conclusion, the results from this experiment 
suggest that the factors affecting the growth, maturity 
and survival of seedlings are critical to the success or 
failure of species such as Rumex crispus and Verbascum 
virgatum in the alpine plant communities. In addition, a 
dense and undisturbed cover of native species appears to 
be effective in limiting the germination of introduced 
species seed of varying size. rt is possible that the 
survival rates of all species may have been higher in 
different size plots (Davis & Cantlon, 1969; Weaver & 
Cavers, 1979a), in more favourable sites or in different 
seasonal conditions to those experienced between 1984 and 
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1988. While fertiliser increased the number of 
germinations in the first growing season, it had little 
effect on the long term survival of the introduced 
species. 
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CHAPTER 6. 
COMPETITIVE RESPONSES OF SELECTED NATIVE AND INTRODUCED 
SPECIES FROM HIGH ALTITUDE AREAS OF SOUTH-EASTERN NEW SOUTH 
WALES, AUSTRALIA, ALONG A NITROGEN AND PHOSPHORUS GRADIENT. 
I. FORB SPECIES. 
ABSTRACT 
Four introduced (Achillea millefolium, Hypochoeris 
radicata, Rumex crispus and Verbascum virgatum) and two 
native (Celmisia sp. and Craspedia sp. F) forb species were 
grown in monoculture and multispecies mixture along a 
nitrogen and phosphorus gradient. Nitrogen and phosphorus are 
believed to be the major nutrient deficiencies in the soils 
of the alpine and subalpine regions of Kosciusko National 
Park, south-eastern New South Wales. 
There was generally an increase in biomass production 
with increasing nutrient level over the 12 week experimental 
period until nutrient toxicity caused both shoot and root 
death. Within this general trend, each species showed highly 
individualistic responses to the nutrient gradient in both 
monoculture and mixture. This is apparent from the degree of 
terms required in polynomial regression, and from the 
standardised performance values proposed by Austin (1982). 
The species producing the greatest biomass in 
monoculture and mixture were Rumex crispus and Hypochoeris 
radicata. Achillea millefolium was a relatively high yielding 
species in monoculture, but in contrast to the other two 
species was unable to increase its performance in mixture. 
The native species and Verbascum virgatum had low to moderate 
yields in both monoculture and mixture at all nutrient 
levels. The increased growth of Rumex crispus and Hypochoeris 
radicata was much greater than that required to compensate 
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for the decrease in yield of the less competitive species. At 
intermediate and high nutrient levels, the dense shoot 
canopies of Rumex crispus and Hypochoeris radicata severely 
restricted the light available to the remaining spec~es. 
Rumex crispus and Hypochoeris radicata adopted very 
different strategies in their allocation of material to 
shoots and roots. Rumex crispus produced a very high root 
biomass at all nutrient levels. Except at the lowest nutrient 
level, Hypochoeris radicata allocated most of its resources 
to shoot production. These strategies are discussed in terms 
of the field distribution of each species. 
Regression equations modelling the relative performance 
of species in mixture from their relative performance in 
monoculture were significant at most nutrient levels for the 
variables live plant and root. The addition of a shoot/root 
term to the equations did not greatly increase the predictive 
capability of the regression models, in contrast to the 
findings of Austin et al. (1985). 
The influence of factors other than nitrogen and 
phosphorus concentrations are discussed. These include time 
of germination, reproductive success, other environmental 
parameters, plant density and time. 
INTRODUCTION 
In the alpine and subalpine areas of Kosciusko National 
Park, south-eastern New South Wales, the number of introduced 
plant species has increased rapidly since the exploration and 
use of the area by people of European origin (Mallen, 1986). 
This increase has been particularly rapid in the last 30-40 
years with the development of the extensive Snowy Mountains 
Hydro-Electric Scheme and with the increased recreational use 
of the area. Not only has the area of disturbance increased, 
but there are greatly increased opportunities for the 
d~spersal of introduced species as a result of increasing 
usage of the area. Introduced or exotic species in this 
context are defined as any non-native species. 
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Little is known of the ecology of introduced plants in 
natural areas such as Kosciusko National Park. This is true 
both for the responses of introduced plants to physical 
environmental factors and for their interactions with 
individuals of their own and other species. These are 
important in determining the success of an introduced plant 
in establishing and persisting at a given site. The plant-
plant interactions are thought to vary with environmental 
parameters such as soil nutrients, soil moisture, light 
availability and temperature (Costin, 1954, 1971; Keane, 
1977). 
Due to the continuously varying conditions in the field 
with respect to a large number of parameters, it is difficult 
to establish a series of field experiments that would be able 
to differentiate the species responses to key environmental 
variables such as nutrient levels, temperature and moisture. 
It is virtually impossible to study the effects of variation 
in a single factor, as most resources used by plants are in 
non-discrete units and are therefore difficult to partition 
(Parrish & Bazzaz, 1982a). Results which unequivocally 
demonstrate competition among species under field conditions 
are rare, with the closest possibly being experiments which 
study the influence of species removal on the organisation 
the plant community (e.g. Abul-Fatih & Bazzaz, 1979; Fowler, 
1981; Hils & Vankat, 1982; Silander & Antonovics, 1982). 
However, even in these studies it is difficult to separate 
the effects of disturbance from the purely competitive 
effects. 
Although little is known of the nutrient status of 
soils within Kosciusko National Park, it appears that 
nutrient levels are important in influencing the 
establishment and persistence of many introduced species 
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(Costin, 1971; observations by the author). As an example, 
the locations of the septic tanks of abandoned settlements in 
Kosciusko National Park (e.g. areas used during the 
construction of the Snowy Mountains Hydro-Electric Scheme, 
abandoned on its completion and then left undisturbed for 
many years) are still clearly visible by the persistent and 
luxuriant growth of exotic species such as Taraxacum 
officinale and Rumex crispus! 
Nutrient levels may also be important in determining the 
organisation of native plant assemblages. However, again 
there is little documented evidence on the nutrient 
requirements of native species, their response to different 
fertiliser levels or whether nutrient levels affect their 
competitive interactions with introduced species. Studies of 
the soils of the area, although broad in scope, have 
suggested the soils in undisturbed areas have a low nutrient 
status, with deficiencies in nitrogen, phosphorus and 
possibly marginal deficiencies in potassium, magnesium, 
sulphur, calcium and some micro-nutrients (Costin, 1954; 
Moore, 1959; Bryant, 1972). Nitrogen and phosphorus have also 
been shown to influence native species growth in other high 
altitude and high latitude environments (e.g. Dunbar, 1974; 
Ulrich & Gersper, 1978). 
As a result of the difficulty in establishing the cause 
of species interactions under field conditions, together with 
the need to understand the relationships between introduced 
and native species under a range of conditions, it was 
decided to study the responses of selected native and 
introduced species to an artificial nutrient gradient in a 
glasshouse environment. In an attempt to simplify the 
interpretation of the experimental results it was decided to 
vary only the levels of nitrogen and phosphorus, believed to 
represent the major soil nutrient deficiencies. The remaining 
nutrients were provided at a constant rate in basal stock 
solution. Other environmental parameters were kept 
approximately the same for all species and all treatment 
levels. 
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There has been considerable interest for many years in 
the nature of competition between plants of different 
species, and how this affects plant composition and 
vegetation dynamics. Competition as described in much of this 
research is in fact generally closer to the term defined by 
Harper (1961) as interference, namely the response of an 
individual plant or plant species to its total environment, 
as this is modified by the presence and/or growth of other 
individuals or species. Since the term competition has been 
so widely used in the literature, it is also used in this 
paper for convenient reference. 
Until recently most experiments comparing the 
performance of species in monocultures and mixtures have used 
either: (i) de Wit's (substitutive) replacement series 
design and its subsequent modifications, in which the total 
density of plants is kept constant whilst the relative 
frequencies of the species being tested (typically two 
species) are varied (e.g. de Wit, 1960; de Wit & van den 
Bergh, 1965; McGilchrist, 1965; McGilchrist & Trenbath, 1971; 
Hall, 1974 and others); (ii) diallel (substitutive) 
experiments in which species are grown in monocultures and in 
mixtures of all possible 1 :1 binary combinations, keeping the 
total number of plants per pot equal in mixture and 
monoculture (e.g. Williams, 1962; Whittington & O'Brien, 
1968; Moore & Williams, 1983); or less commonly (iii) 
additive experiments in which the density of one species is 
allowed to vary while the density of the second species is 
held constant (e.g. Donald, 1958; Marshall & Jain, 1969; 
Watkinson, 1981). Experiments such as these have come under 
increasing criticism by authors such as Inouye & Schaffer 
(1981), Austin (1982), Jolliffe et al. (1984), Firbank & 
Watkinson (1985), Connolly (1986) and Austin et al. (1988) 
(see the discussion for further details). 
Multispecies mixtures of three or more species have 
rarely been investigated, although they are much more likely 
to occur in the field than two species mixtures. In addition, 
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the behaviour of a plant in a two-species mixture may be 
quite different from its behaviour in more complex mixtures 
(Frankow-Lindberg, 1985). The study of plants in two-species 
mixtures probably reflects the agricultural origins of the 
study of plant interactions, where the main object of 
interest is the growth and development of a particular crop 
species in a simplified plant community (Roush & Radosevich, 
1985). 
Experiments using a comparison of species growth in 
monocultures with their growth in mixtures along an 
environmental gradient were studied by Ellenberg (1953, 
1954), and later developed and refined by Austin and 
associates (Austin & Austin, 1980; Austin, 1982; Austin et 
al., 1985). Austin (1982) also proposed a new method of 
comparing mixture and monoculture performance using two 
standardised parameters denoted the relative physiological 
performance (for monocultures) and the normalised ecological 
performance (for mixtures). These parameters are described in 
the methods section of this paper. The original experiments 
designed by Austin & Austin (1980) were additive, but the 
later experiments followed a substitutive design in which the 
total plant density in monoculture and mixture was the same 
(Austin et al., 1985). To date the experiments have been used 
for species of similar growth form, using groups of either 
all introduced or all native species grown at different 
levels of a complete nutrient solution, and the data have 
been presented in the form of total plant bio~ass (Austin & 
associates as listed above; Bradshaw, in preparation). 
This study aims to test the usefulness of the technique 
to species of different growth form, using a combination of 
native and introduced species along a nutrient gradient which 
varies only in the concentration of nitrogen and phosphorus, 
and where the total plant performance is related to the 
separate shoot and root performances. This situation, 
although complex, probably reflects more closely the 
interactions occurring in natural areas. An understanding of 
such interactions is important in the determination of the 
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susceptibility of native vegetation communities to invasion 
by introduced species, and to the understanding of changes in 
plant composition that have already occurred as a result of 
disturbance (including nutrient addition). 
In addition to the general aim described above, this 
study has the following specific objectives; 
(i) to determine the response of selected native and 
introduced species from Kosciusko National Park to variation 
in nitrogen and phosphorus levels; 
(ii) to determine if there are any competitive interactions 
among species grown in mixtures at different nutrient levels 
by comparing their growth in mixtures with their growth in 
monocultures at the same nutrient levels; 
(iii) to examine whether or not the standardised performance 
of species in mixtures can be predicted from their 
standardised performance in monocultures; and 
(iv) to compare the experimental results with observations of 
species performances in the field. 
The species used in this experiment were selected to 
represent: a) widespread native forbs which can dominate or 
co-dominate large areas of undisturbed vegetation in alpine 
and subalpine areas of Kosciusko National Park - Celmisia sp. 
and Craspedia sp. F; b) introduced species which are widely 
naturalised in high altitude areas, occurring in open patches 
in relatively undisturbed vegetation as well as in disturbed 
areas, and which appear tolerant of low nutrient levels -
Hypochoeris radicata; c) introduced species which occur most 
commonly in high nutrient sites - Rumex crispus; and d) 
introduced species which are more or less confined to 
disturbed sites at high altitudes, and generally occur at low 
to intermediate nutrient levels - Verbascum virgatum and 
Achillea millefolium. Additional species and species 
combinations are considered in Chapters 7 & 8 of this thesis. 
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METHODS 
Species 
Six forb species were used in the experiment; namely 
Achillea millefolium, Celmisia sp., Craspedia sp. F, 
Hypochoeris radicata, Rumex crispus and Verbascum virgatum. 
Species nomenclature follows Thompson & Gray (1981). Seeds of 
these species were collected from subalpine areas of 
Kosciusko National Park between 28 February 1985 and 19 May 
1985. The species, the location and date of their collection 
and brief notes on their life cycle, growth form and area of 
origin are given in Table 1. Seed was stored in open plastic 
bags in a cool, dark and dry environment until used in the 
experiment. Germination trials were carried out in October 
1985 to determine the number of days required for the seeds 
of each species to germinate and develop two cotyledons. This 
was necessary to ensure that all seedlings could be planted 
at the same stage of growth. The seedlings were germinated in 
sand in an unheated glasshouse, and planted into pots on 9 
and 10 November 1985. 
Nutrient Gradient 
A nutrient concentration gradient was established which 
had seven different levels of nitrogen and phosphorus, 
equivalent to 1/16, 1/4, 1/2, 1, 2, 4, and 16 times the 
amount of nitrogen and phosphorus in Arnon's 1938 nutrient 
formula (Hewitt, 1966, page 190). These nutrient levels will 
hereafter be referred to simply as 1/16x nutrient level etc. 
Nitrogen was supplied as NH 4No 3 and phosphorus as NaH 2Po 4 . 
The remaining nutrients were applied to all pots at 1x the 
amount described by Arnon (1938). However, as nitrogen was 
being added at different concentrations it was necessary to 
replace KN03 with an equivalent quantity of K2so4 (0.526 g/l) 
and to replace Ca(N03 ) 2 with an equivalent quantity of 
CaC1 2 .2H20 (0.588 g/l). 
TABLE 1. Summary of characteristics of the six forb species. 
SPECIES FAMILY COLLECTION 
DATE & PLACE 
LIFE 
CYCLE 
GROWTH FORM 
Achillea 
millefolium 
L. 
(Yarrow) 
Asterac. 19/5/85 Guthega Perenn. Stolonif. forb 
with erect fl. 
stem. Lvs radical 
& cauline. 
Celmisia Asterac. 18/5/85 
sp. Cass. 
(Silver 
Snow Daisy) 
Craspedia Asterac. 11/3/85 
sp. Forst. f. 
(Billy 
Button) 
Hypochoeris Asterac. 28/2/85 
radicata L. 
(Flatweed) 
Rumex Polygon. 19/5/85 
crispus L. 
(Curly Dock) 
0.5km Perenn. 
south of 
Charlotte 
Pass 
Perisher Perenn. 
Valley 
Dead Perenn. 
Horse 
Gap 
Guthega Perenn. 
Rhizomatous forb 
with radical lvs 
& erect fl. stem 
Tufted forb, 
erect fl. stem 
Forb with radical 
lvs & erect fl. 
stem 
Erect f orb 
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PLACE OF 
ORIGIN 
Most of 
Europe 
Native 
Native 
North. 
Hemis. 
Most of 
Europe, 
Asia 
Verba scum 
virgatum 
Stokes 
(Twiggy 
Mullein) 
Seraph. 19/5/85 Guthega Bienn. Forb with rosette West. 
KEY: Asterac. = 
Polygon. = 
Seraph. = 
Perenn. = 
Bienn. 
Stolonif. 
fl. 
lvs = 
Asteraceae 
Polygonaceae 
Scrophulariaceae 
perennial 
biennial 
stoloniferous 
flowering 
leaves 
of basal lvs & 
erect fl. stem 
Europe 
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Glasshouse Procedure 
Seedlings were planted into pots 18 cm in diameter and 
11.5 cm deep, with perforated bases. The pots were filled 
with washed river sand of low nutrient status (R. Jahnke, 
pers. comm.) on top of a 2 cm layer of vermiculite. The 
vermiculite was placed at the base of the pots to prevent the 
sand from flowing out of the pots when it was saturated. The 
pots were placed on wire shelves in an unheated glasshouse, 
although air conditioning was used if the maximum 
temperatures increased beyond 25°c. 
A substitutive design was used in the experiment, with 
six seedlings planted per pot, either of the same species for 
monocultures or of six different species for the mixtures. 
The six seedlings were planted so that the distance between 
nearest neighbours was equal, and the mixture plants were 
additionally assigned random planting positions within the 
pots. As the seedlings increased in size, loose and 
transparent plastic shields were fitted around each pot to 
prevent the plants from spreading beyond the perimeter of the 
pot. 
Seedlings were watered daily with tap water for 10 days, 
and those which died during this period were replanted with 
seedlings of the same growth stage from the original 
germination trays. After 10 days the first nutrient solutions 
were applied. One hundred mls of nutrient solution were then 
applied to the pots three times per week, an amount which 
completely saturated the sand. Plants were watered with tap 
water on the intervening days, again until the pots were 
saturated with water, to prevent an accumulation of unused 
nutrients. As the plants grew larger in size some pots 
required 150-200 mls of solution to saturate the sand, and 
this volume of solution was then applied to all pots. For the 
higher nutrient concentrations, and for the basal nutrient 
solution, nutrient applications were increased gradually to 
full strength over a six week period (as suggested by Austin 
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et al., 1985). Some pots developed a fine layer of algae on 
the surface of the sand after approximately 6 weeks. Where 
this decreased the penetration of the nutrient solution and 
water into the sand, it was broken up to restore good 
drainage. 
Plants were harvested 12 weeks after sowing, as the 
first species began to flower. Plant material was separated 
into live shoots, dead shoots and roots on a per pot basis 
for monocultures and on a per plant basis for mixtures. The 
material was then dried in an oven for 48 hours at 80 degrees 
celsius and weighed. Monoculture weights were divided by 6 so 
that all analyses were made on a per plant basis. Although as 
much sand and vermiculite as possible were washed from the 
roots during harvesting, some fine sand and particularly some 
vermiculite remained tangled in the fine root hairs. This had 
to be extracted carefully prior to weighing, and vermiculite 
is therefore not recommended for use in experiments of this 
nature. 
Experimental Design 
A randomised block design was used for the experiment, 
with 3 replicates at each nutrient level for each of the 
monocultures and for the 6-species mixtures. A 3-way analysis 
of variance was applied to the monoculture results, modelling 
the effects of the factors block, nutrient level and species 
on the live shoot, root, live plant {live shoot + root) and 
total plant {live shoot + root + dead shoot) dry weights. A 
split plot analysis was applied to the live shoot, root, live 
plant and total plant dry weights of the mixtures. The 
analyses were carried out using the GLM procedure of the SAS 
statistical package {SAS Institute, 1988). 
These analyses provide a statistical test of the 
treatment effects and their interactions, but further 
analysis of the data is required to indicate the shape of the 
species response curves and to make a comparison of the 
species performances in mixture and monoculture. Since there 
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is no known or expected theoretical equation to explain the 
relationship between species yield and nutrient level, 
polynomial regression was used to describe the shape of the 
species response curves in relation to nutrient 
concentration. The polynomial regressions were also carried 
out using the GLM procedure (SAS Institute, 1988). 
Austin (1982) presented two standardisations which 
enable comparisons to be made between species performance in 
monoculture and species performance in mixture along a 
nutrient gradient. These are necessary to remove the effect 
of changing potential production along the nutrient gradient, 
and to express an individual species performance relative to 
the maximum potential performance available among the species 
in the experiment. Standardised species performance in 
monoculture was referred to as the relative physiological 
performance (RiJ), defined as 
where YiJ is the yield per plant of species i in monoculture 
at nutrient level J, and YmJ is the yield of the highest 
yielding species m in monoculture at nutrient level J. 
An analogous value, the normalised ecological 
performance was calculated for the species yield in mixture, 
defined as 
EiJ = Y'iJ / Y'mJ 
where Y'iJ is the yield per plant of species i in mixture at 
nutrient level J, and Y'mJ is the yield of the highest 
yielding species m in mixture at that nutrient level. For 
further information on these performance values, refer to 
Austin (1982) and Austin et al. (1985). 
The values for relative physiological performance and 
normalised ecological performance were calculated from the 
mean values of the 3 replicates. Austin et al. (1985) 
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suggested omitting individual replicate values which were 
<50% or >250% of the mean value in the determination of the 
standardised performance values. Such values were omitted 
from this experiment, and the means recalculated, for 
nutrient levels below 4x. At nutrient levels of 4x and 16x 
there was a relatively high plant mortality for some species, 
giving them dry weight values of zero. A replicate with a 
value of zero was therefore always less than 50% of a mean 
value where any of the plants survived. As these plant deaths 
appeared to be a result of nutrient toxicity rather than 
accidental damage or failure to establish, and were thus a 
valid experimental result, they were not deleted from the 
analysis. (only 6 values for monoculture and 9 for mixture 
were in fact excluded from the analysis). 
Linear and multiple regression techniques were used in 
the prediction of species yields in mixture (with and without 
log transformation) from their yields in monoculture, using 
the models suggested by Austin (1982) and Austin et al. 
(1985). The regression analyses were carried out using the 
GLM and REG procedures of the SAS statistical package (SAS 
Institute, 1988). 
For convenience, graphs of species responses versus 
nutrient levels have shown the nutrient gradient as an 
unscaled ascending sequence. 
RESULTS 
Analysis of Variance 
In both monocultures and mixtures there were highly 
significant differences among nutrient levels in the live 
shoot, root, live plant (live shoot + root) and total plant 
(live shoot + root + dead shoot) dry weights (generally 
p<.0001, refer to Tables 2 & 3). The nutrient level 
corresponding to 2x the amount of nitrogen and phosphorus in 
Arnon's nutrient solution (see methods) gave the highest 
total plant yield in monocultures, closely followed by the 1x 
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TABLE 2. Analysis of variance for monocultures of six forb species in 
response to nutrient (nitrogen and phosphorus) concentration 
for the variables live shoot, root, live plant and total plant. 
Block 
(2 df) 
Nutrient 
(6 df) 
Species 
(5 df) 
Nutrient x 
Species 
(30 df) 
LIVE SHOOT 
F Pr>F 
ns 
94. 61 . 0001 
273.35 .0001 
16.49 .0001 
ROOT LIVE PLANT TOTAL PLANT 
F Pr>F F Pr>F F Pr>F 
3.64 .0306 4.53 .0136 4.85 .0102 
5.06 .0002 57.41 .0001 60.88 .0001 
210.91 .0001 334.61 .0001 336.35 .0001 
6.27 .0001 11.58 .0001 11.56 .0001 
KEY: F F ratio 
df degrees of freedom 
ns = not significant 
(p>0.05) 
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TABLE 3. Analysis of variance for a split plot mixture experiment on six 
forb species in response to nutrient (nitrogen and phosphorus) 
concentration for the variables live shoot, root, live plant 
and total plant. 
LIVE SHOOT ROOT 
F Pr>F F 
Block ns 
(2 df) 
Nutrient 54.59 .0001 4.66 
(6 df) 
Species 40.62 .0001 106.39 
(5 df) 
Nutrient x 4.71 .0001 4.90 
Species 
( 30 df) 
Pr>F 
ns 
. 0113 
.0001 
.0001 
LIVE PLANT TOTAL PLANT 
F Pr>F F Pr>F 
ns ns 
20.68 .0001 34.21 .0001 
79.32 .0001 89.67 .0001 
20.68 .0001 5.09 .0001 
KEY: F = F ratio 
df = degrees of freedom 
ns = not significant 
(p>0.05) 
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and 4x levels. A similar trend was apparent for monoculture 
live shoot yield considered separately, but the peak biomass 
for roots in monoculture occurred at the lower nutrient level 
of 1/2x. In mixtures the maximum value for total plant yield 
occurred at the 1x nutrient level, although high values 
occurred throughout the 1/2x to 16x range. The highest live 
shoot yield in mixtures occurred at 4x, with high values from 
1x to 16x, and the peak yield was again lower for roots at a 
level of 1/2x. The yields (summed for all species) produced 
in mixtures were consistently higher than those produced in 
monocultures for all the variables measured, with the maximum 
values averaging 1.7 times higher in mixture. 
There were also highly significant differences in live 
shoot, root, live plant and total plant dry weights among 
species (all have p<.0001, refer to Tables 2 & 3). In both 
monoculture and mixture, the species order in terms of 
decreasing yield (yields per plant summed for all nutrient 
levels) was Rumex crispus > Hypochoeris radicata > Achillea 
millefolium > Verbascum virgatum > Craspedia sp. F > Celmisia 
sp. In both instances, more than 50% of the total plant 
weight produced by Rumex crispus was contributed by the root 
biomass. All other species had at least three times as much 
shoot biomass as root biomass. The total plant weight of all 
species was greater in mixture than in monoculture, except 
for Achillea millefolium which had approximately equal values 
in both. Rumex crispus showed the greatest difference, with 
three times as much biomass in mixture as in monoculture. 
There was a significant interaction between nutrient 
level and species for all variables measured in both 
monoculture and mixture. This indicates that the magnitude of 
the difference in dry weight yield for a given nutrient level 
depends on the species. This is apparent from an analysis of 
the results of the live plant yields and of the shoot/root 
ratios (Figures 1 & 2) which are described in the following 
sections. 
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FIGURE 1. Live plant yields of individual forb species in 
monoculture ( - • - ) and mixture ( • +. ) at each nutrient level. 
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FIGURE 2. Shoot/mot ratios of individual forb species in 
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Live Plant Yields 
The live plant yield of species was different in 
monoculture and mixture, varying with species and with 
position on the nutrient gradient (Figure 1). In monoculture, 
the highest yielding species were Rumex crispus, Hypochoeris 
radicata and Achillea millefolium. These species had similar 
live plant yields between 1/16x and 1x nutrient levels. As 
the nutrient levels increased beyond 1x, Rumex crispus had 
increasingly higher live plant yields than Hypochoeris 
radicata and Achillea millefolium. The yields of the latter 
species declined gradually from 1x to 16x nutrient levels. 
Rumex crispus and Hypochoeris radicata had a much 
greater live plant yield in mixture than in monoculture, 
apparent at all nutrient levels (Figure 1). Rumex crispus 
reached a peak live plant yield of 12.1 g at the 16x nutrient 
level in mixture, when all other species had declining yields 
as a result of nutrient toxicity. Achillea millefolium had a 
higher live plant yield in mixture for the high intermediate 
nutrient levels (2x to 4x), but was otherwise similar or 
lower yielding in mixture than in monoculture. Verbascum 
virqatum and Craspedia sp. F (hereafter referred to simply as 
Craspedia sp.) were low to moderately yielding species in 
monoculture, with relatively consistent yields between the 
1/2x and 4x nutrient levels giving their response curves a 
flattened shape. The live plant yield of Craspedia sp. was 
lower in mixture than in monoculture at all nutrient levels. 
Verbascum virgatum had the highest yield at one nutrient 
level lower in mixture than in monoculture. Celmisia sp. had 
extremely low yields at all nutrient levels in both 
monoculture and mixture. No plants of Celmisia sp. survived 
in mixture beyond the 1/2x nutrient level. In general, where 
the smaller growing forb species were planted next to the 
high yielding species, they were rapidly overtopped and grew 
very poorly. 
244 
Shoot/Root Ratios in Monoculture and Mixture 
For all nutrient levels above 1/16x, shoot/root ratios 
(hereafter referred to as S/R ratios) in both monoculture and 
mixture were generally >1 for all species (Figure 2). The 
exception to this was at the 16x nutrient level for those 
species whose shoots died as a result of nutrient toxicity. 
The only species whose S/R ratios were <1 at low and 
intermediate nutrient levels was Rumex crispus, which 
produced a high root biomass at all nutrient levels as a 
result of the formation of thick taproots. 
S/R ratios generally increased with increasing nutrient 
level in both monoculture and mixture, although the lower 
yielding species (Craspedia sp., Celmisia sp. and Verbascum 
virgatum) had decreasing S/R ratios at high nutrient levels 
as a result of shoot death. The highest S/R ratio recorded 
was 14.0 for Celmisia sp. in monoculture, but this is to some 
extent an artificial result caused by the very low weights of 
shoot and root material involved (<0.02 g). The maximum S/R 
ratios for species other than Celmisia sp. and Rumex crispus 
ranged from 5-10. Hypochoeris radicata was the only species 
that had consistently higher S/R ratios in mixture than in 
monoculture, although this was also true for Achillea 
millefolium at nutrient levels above 2x. The remaining 
species had similar or lower S/R ratios in mixture than in 
monoculture. 
Polynomial Regression 
The polynomial equations used to describe the species 
response curves in relation to nutrient concentration 
required high degree terms to provide an adequate fit of the 
data (Table 4, as an example, indicates the degree of terms 
required in the polynomial regressions for live plant yield 
and gives their R2 values). Frequently where quartic terms 
were required, one or more of the lower degree terms were not 
significant. The degree of terms required in the polynomial 
regressions was generally different for monocultures and 
TABLE 4. Degree and significance of polynomial equation fitted to the 
nutrient response curves of six forb species for the variable 
live plant weight. 
Monoculture Mixture 
SPECIES DEGREE SIG. R2 DEGREE 
Achillea quartic without *** 0.895 cubic without 
millefolium linear term linear term 
Celmisia linear * 0.339 cubic 
sp. 
Craspedia linear *** 0.668 linear 
sp. 
Hypochoeris quartic without *** 0.822 quartic without 
radicata linear linear or 
quadratic 
Rum ex quartic *** 0.932 quartic without 
crispus cubic 
Verba scum quartic without *** 0.829 quartic without 
virgatum quadratic quadratic 
Sig. = significance levels of polynomial equations; 
*p<0.05; **p<0.01; ***p<0.001 
coefficient of variation 
SIG. 
** 
*** 
** 
* 
*** 
** 
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R2 
0.602 
0.634 
0.407 
0.499 
0. 722 
0.649 
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mixtures, indicating their different responses to the 
nutrient gradient. The equations fitted for monocultures 
generally explained a higher proportion of the variance than 
those fitted for mixtures. The polynomial equations for the 
mixtures, and for Celmisia sp. in the monocultures, 
frequently had R2 values <0.70. This indicates that there 
were relatively large amounts of residual variance 
unexplained by the polynomial models. 
Relative Physiological Performance (RiJ) for the variables 
live plant, live shoot and root. 
Standardising the monoculture live plant yield data, by 
dividing the individual species yields at each nutrient level 
by the maximum species yield at that nutrient level, led to 
major changes in the response curves of each species. Species 
could be divided into three broad categories (Figure 3) which 
are briefly described below; 
a) a group of high performing species, comprising Rumex 
crispus, Hypochoeris radicata and Achillea millefolium. 
Hypochoeris radicata was the species with the maximum yield 
(and hence a standardised value of 1.0) at the two lowest 
nutrient levels, after which it was replaced by Rumex crispus 
for all other nutrient levels. All three species had values 
~0.7 for all except the 16x nutrient level, where Hypochoeris 
radicata and Achillea millefolium had decreased to 
approximately 0.5. The high performance of Hypochoeris 
radicata and Achillea millefolium in terms of live plant 
yield was largely a result of their RiJ for shoots (Figure 
4), as their RiJ for roots decreased rapidly after the 1/16x 
nutrient level (Figure 5). Hvoochoeris radicata had the 
highest RiJ for shoots from 1/16x to 1x nutrient levels, 
where it was replaced by Achillea millefolium from 2x to 4x, 
and then by Rumex crispus at the highest nutrient level. In 
contrast to Hypochoeris radicata and Achillea millefolium, 
the high RiJ of Rumex crispus in terms of live plant yields 
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FIGURE 3. Live plant relative phys:iological_ performance ( RiJ) of 
individual_ forb species at each nutrient level. 
A m = Achillea millefolium 
R c = Rum ex eris pus 
Cra sp. = Craspedia sp. F 
H r = Hypochoeris radicata 
V v = Verbascum virgatum 
Cel sp. = Celmisia Sp. 
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FIGURE 4. Shoot relative physiological. performance ( Ri.J) of individual. 
forb species at each nutrient level. 
A m = Achillea millefolium 
R c = Rumex crispus 
Cra sp. = Craspedia sp. F 
H r = Hypochoeris radicata 
V v = Verbascum virgatum 
Cel sp. = Celmisia sp. 
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FIGURE 5. Root relative physiological performance ( Ri.J) of individual 
forb species at each nutrient level. 
A m = Achillea millefolium 
R c = Rumex crispus 
era sp. = Craspedia sp. F 
H r = Hypochoeris radicata 
V v = Verbascum virgatum 
Cel sp. = Celmisia s p. 
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can be attributed primarily to its high root yields. Rumex 
crispus had the highest root yields at all nutrient levels, 
and had more than twice the RiJ values of the next highest 
yielding species above nutrient levels of 1/4x. 
b) a group of moderately performing species, comprising 
Verbascum virgatum and Craspedia sp. The live plant RiJ 
values of these species were highest at the 1/16x nutrient 
level (with values of 0.50 & 0.66 respectively), and 
generally decreased with increasing nutrient level to minimum 
values close to zero at 16x. This trend was also followed in 
the shoot and root RiJ values, although the values were 
higher for shoots than roots. 
c) a single very low performing species, Celmisia sp. 
Although Celmisia sp. also decreased in live plant, shoot and 
root RiJ with increasing nutrient level, the values were 
extremely low at all nutrient levels in comparison with all 
other species (RiJ <0.02). 
Normalised Ecological Performance (EiJ) for the variables 
live plant, live shoot and root. 
The EiJ curves for each species (Figures 6, 7 & 8) were 
markedly different from their RiJ curves. Hypochoeris 
radicata and Rumex crispus were again high performing species 
in terms of their live plant EiJ· Hypochoeris radicata 
achieved maximum performance at the lowest nutrient level, 
after which it was replaced by Rumex crispus for all other 
nutrient levels. However, the EiJ values for Hypochoeris 
radicata decreased much more rapidly with increasing nutrient 
levels than the equivalent RiJ values, and this trend was 
repeated in the shoot and root performance values. Achillea 
millefolium was much less successful in live plant EiJ than 
in live plant RiJ· This was due largely to its reduced shoot 
EiJ• Although its peak shoot EiJ still occurred at high 
intermediate nutrient levels, it was no longer the maximum 
yielding species at these levels, having been replaced by 
Rumex crispus. 
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FIGURE 6. Live plant normalised ecolog:ical_ performance (EiJ} of 
individual forb species at each nutrient level. 
A m = Achillea millefolium 
R c = Rumex eris pus 
era sp. = Craspedia sp. F 
H r = H ypochoeris radicata 
V v = Verbascum virgatum 
Cel sp. = Celmisia s p. 
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FIGURE 7. Shoot normalised ecolDg:ical performance (EiJ) of individual 
forb species at each nutrient level. 
A m = Achillea millefolium 
R c = Rumex eris pus 
era sp. = Craspedia sp. 
H r = Hypochoeris radicata 
V v = Verbascum virgatum 
Cel sp. = Celmisia sp. 
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FIGURE 8. Root normalised eco1ogical performance (Ei..J) of individual. 
forb species at each nutrient level. 
A m = Achillea millefolium 
R c = Rumex eris pus 
era sp. = Craspedia sp. 
H r = Hypochoeris radicata 
V v ~ Verbascum virgatum 
Cel sp. = Celmisia sp. 
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Both Verbascum virgatum and Craspedia sp. had lower EiJ 
values at all nutrient levels than their equivalent RiJ 
values. Craspedia sp. again followed the trend of decreasing 
performance with increasing nutrient level for all variables. 
Verbascum virgatum had complex EiJ curves, with a major peak 
at the 1/4x nutrient level and a smaller peak at the 1x level 
for all variables. Celmisia sp. had extremely low EiJ values 
at all nutrient levels, with values of zero above 1/2x for 
all variables as a result of plant death. 
Prediction of Relative Yield in Mixture from Monoculture 
Performance 
As suggested by Austin (1982) and Austin et al. (1985), 
the results obtained for relative physiological performance 
(RiJ) and normalised ecological performance (EiJ) can be used 
to test whether performance in multispecies mixture can be 
predicted from monoculture performance, using linear and 
multiple regression techniques. Using the following two 
models and the data for live plant yield, 
significant equations are obtained for all nutrient levels 
except 1x and 16x. Values of R2 were higher when using the 
second model than when using the first model, except for the 
highest nutrient level where they were approximately equal 
(Table 5). The values for R2 using the second model were >0.8 
for all nutrient levels except 1x. 
Austin et al. (1985) suggested that the differences at 
high nutrient levels were associated with major differences 
in S/R ratios of species in monoculture, and this was true 
for the current data at nutrient levels >2x. Thus two 
additional models were tested for each nutrient level, adding 
a third term c(S/R)iJ to each of the models described above. 
TABLE 5. The prediction of relative live plant performance in mixture 
from relative live plant performance in monoculture at each 
nutrient level. 
# # 
NUT. EiJ aJ + bRiJ loge E;J = aJ + EiJ = aJ + bRiJ loge EiJ = aJ + 
LEVEL 
1/16x 
1/4x 
l/2x 
1x 
2x 
4x 
16x 
bRiJ + c(S/R)iJ bRiJ f-
c(S/R)iJ 
F Sig Rf. F Sig Rf. F Sig Rf. F Sig 
10.08 * 0.716 16.26 * 0.803 19.32 * 0.928 ns 
8.91 * 0.690 21. 51 ** 0.843 ns 0.736 38.67 ** 
12.24 * 0. 754 115. 45 *** 0.967 ns 0.786 48. 14 ** 
ns 0.549 ns 0.634 ns 0.709 ns 
41. 43 ** 0.912 71. 13 ** 0.960 60.02 ** 0.976 87.86 * 
17. 99 * 0.818 35.27 ** 0.898 ns 0.818 27. 05 * 
19.23 * 0.828 ns 0.821 61.52 ** 0.976 3663.70 * 
Sig = significance level of equations; *P<0.05; **P<0.01; ***P<0.001 
Nut. nutrient 
EiJ relative live plant performance in mixture 
RiJ relative live plant performance in monoculture 
F F ratio 
R2 = coefficient of variation 
# shoot/root (S/R) terms were significant at P<0.05 
at the 16x nutrient level only 
Rf. 
0.859 
0.963 
0.970 
0. 716 
0.989 
0.947 
0.999 
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Although adding the S/R term increased the R2 values for all 
nutrient levels in both models, the S/R term was significant 
only at the highest nutrient level. Here it increased the R2 
values of both models to >0.97. 
The same four models were applied to the standardised 
shoot and root performances considered separately. For the 
root data the simple linear model (Model 1) was the most 
successful, with significant equations obtained for all 
nutrient levels and those above 1/4x having R2 values ~0.91 
(Table 6). An addition of the S/R term to this model (Model 
3) again increased all R2 values, particularly at the low 
nutrient levels. However, the S/R terms were not significant 
at nutrient levels below 16x. The prediction of shoot 
performance in mixture from its performance in monoculture 
was much more difficult, with none of the models giving 
significant equations for more than three nutrient levels, 
and these showed no clear pattern (Table 7). Generally the 
log models were more successful than the models using 
untransformed values of ecological performance. 
Since root performance in mixture was relatively 
successfully predicted from root performance in monoculture, 
in contrast to the poor prediction of shoot EiJ from shoot 
RiJ' the first two models were tested to see if live plant 
EiJ could be predicted solely from root RiJ· Model 1 was the 
most successful at all nutrient levels above 1/16x (Table 8). 
Significant equations were obtained for all nutrient levels 
using Model 1, with all R2 values >0.7. 
Using the first two models and an analysis of RiJ 
coefficient values for live plant performance over the 
nutrient gradient, the gradient could be divided into three 
zones: (i) a low nutrient zone from 1/16x to 1/2x inclusive, 
TABLE 6. The prediction of relative root performance in mixture 
from relative root performance in monoculture at each 
nutrient level. 
NUT. EiJ aJ + bRiJ loge EiJ = aJ + EiJ = aJ + bRiJ 
LEVEL bRiJ + c(S/R)iJ 
F Sig Rg_ F Sig Rg_ F Sig Rg_ 
1/16x 13. 92 * 0.777 23.01 ** 0.852 24.75 * 0.943 
1/4x 22.54 ** 0.849 17. 24 * 0.812 10.27 * 0.873 
1/2x 56.05 ** 0.933 12.44 * 0.757 26.08 * 0.946 
lx 38. 15 ** 0.905 23.26 * 0.886 15. 19 * 0.910 
2x 1689. 1 *** 0.998 ns 0. 743 823.60 *** 0.998 
4x 187.83 *** 0.979 ns 0.769 100.36 ** 0.985 
loge EiJ = aJ + 
bRi J t-
c(S/R)iJ 
F Sig Rg_ 
14.92 * 0.909 
68.34 ** 0.979 
ns 0. 751 
ns 0.892 
ns 0.760 
ns 0.948 
16x 201.77 *** 0.981 ns 0.600 600.59 *** 0.998 1443.27 * 0.999 
Sig significance level of equations; *P<0.05; **P<O. 01; ***P<O. 001 
Nut. nutrient 
EiJ relative root performance in mixture 
RiJ relative root performance in monocu 1 tu re 
F F ratio 
R2 = coefficient of variation 
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TABLE 7. The prediction of relative shoot perfonnance in mixture 
from relative shoot perfonnance in monoculture at each 
nutrient level. 
NUT. EiJ aJ + bRiJ 
LEVEL 
loge EiJ = aJ + 
bRiJ 
# 
EiJ = aJ + bRiJ 
+ c(S/R)iJ 
# 
loge EiJ = aJ + 
bRiJ + 
c(S/R)iJ 
F Sig Rf~~~~F~_S_i_g~Rf~~~~F~_S_i_g~Rf~~~~F~_S_i_g~Rf 
1/16x ns 0.545 ns 0. 521 ns 0. 548 ns 0. 588 
1/4x ns 0.598 ns 0.647 ns 0.658 23.50 * 0.940 
1/2x 7.89 * 0.663 25.46 ** 0.864 ns 0.665 24.89 * 0.943 
lx ns 0.479 ns 0. 328 ns 0. 546 ns 0. 548 
2x 13.43 * 0.770 10.65 * 0. 780 30. 75 * 0. 953 ns 0.860 
4x ns 0.647 35.70 ** 0.899 ns 0.668 109.79 ** 0.987 
16x 9.83 * o. 711 ns 0.871 23. 65 * 0. 940 
Sig significance level of equations; *P<0.05; **P<0.01; ***P<0.001 
Nut. nutrient 
EiJ relative shoot performance in mixture 
RiJ relative shoot performance in monoculture 
F F ratio 
R2 coefficient of variation 
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TABLE 8. The prediction of relative live plant 
performance in mixture from relative 
root performance in monoculture 
NUT. 
LEVEL 
1/16x 
1/4x 
1/2x 
1x 
2x 
4x 
16x 
at each nutrient level. 
EiJ aJ + bR·~ loge EiJ = aJ + (roof bR·~ + (roof 
F Sig Rl F Sig Rl 
10.11 * 0.716 20.21 * 0.835 
26.11 ** 0.867 9.94 * 0.713 
13.1 4 * 0.767 ns 0.603 
21 . 1 9 * 0. 841 ns 0.610 
13.25 * 0.768 ns 0.431 
68.36 ** 0.945 ns 0.495 
161.91 *** 0.976 ns 0.380 
Sig = significance level of equations; 
*P<0.05; **P<0.01; ***P<0.001 
nutrient 
= relative live plant performance in mixture 
relative root performance in monoculture 
F ratio 
= coefficient of variation 
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where the model produced significant equations and the RiJ 
coefficients were significant and of intermediate value; 
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(ii) an intermediate zone comprising only the 1x level, where 
neither the equation nor the RiJ coefficient was significant, 
and where the RiJ coefficient had a low value; and (iii) a 
high nutrient zone from 2x to 16x inclusive, where the 
equations and RiJ coefficients were again generally 
significant, and were of intermediate to high value. 
DISCUSSION 
Yields in Monoculture and Mixture 
The biomass produced in monoculture and mixture is 
clearly dependent on nutrient level, with the general trend 
being one of increasing yield with increasing levels of 
nitrogen and phosphorus until a toxic level is reached. 
However, the total species response is less informative than 
a consideration of the response of individual species to 
changing nutrient levels, in which competitive interactions 
changed with increasing fertility in a highly individualistic 
way (Figures 1 & 2; Table 4). This has been observed in most 
of the available studies of multispecies mixtures (e.g. 
Fowler, 1982; Austin et al., 1985; Goldberg & Fleetwood, 
1987). 
The peak root biomass occurred at a lower nutrient level 
than the peak shoot biomass in both monoculture and mixture. 
Once the nutrient level was ~1/2x the shoot competition was 
generally intense in all pots, except for those of Celmisia 
sp. in monoculture. Thus the allocation of a greater 
proportion of plant resources to above ground tissue, with a 
corresponding reduction in allocation to below ground tissue, 
is likely to be a successful strategy at these nutrient 
levels. 
When mean live plant weights for all species are summed 
for a given nutrient level, the resulting values were 
consistently higher in mixture than in monoculture. This was 
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due to the increased growth of the two most competitive 
species in mixture, Rumex crispus and Hypochoeris radicata. 
The increased growth of these two species was much greater 
than that required to compensate for the decrease in yield of 
the remaining less competitive species. A similar result was 
noted by Pemadasa & Amarasinghe (1982) in a replacement 
series experiment using one introduced and three native Sri 
Lankan grass species. In two-species mixtures of 1 :1 
proportions, the introduced grass produced a much greater 
biomass in mixture than the corresponding decrease in yield 
of each native grass species. 
It appears that the intraspecific competition 
experienced by Rumex crispus and Hypochoeris radicata was 
greater than the interspecific competition from the group of 
plants selected for the multispecies mixture. The slow growth 
rate and low performance in mixtures of the lower yielding 
species, particularly the two native forbs, enabled the 
rapidly growing introduced forbs to overtop them at an early 
stage, occupy a large proportion of the available pot space, 
and make greater use of the nutrient resources. 
Agronomists have been interested for many years in the 
phenomenon of yield advantage or "overyielding" in mixtures 
(Trenbath, 1974). The advantage required to justify mixed 
culture has more recently been determined as a higher yield 
in mixture than that of the best of its components grown in 
monoculture over the same area (Donald, 1963; Trenbath, 
1974). The literature relating to this phenomenon has 
generally applied to the analysis of two-species mixtures. 
The same principle can be applied to multispecies mixtures, 
although it is complicated by the fact that more than one 
species may be highest yielding over the nutrient gradient. 
As mentioned, the sum of mean live plant weights for all 
species at a given nutrient level was always higher in 
mixture than in monoculture in this experiment. However, the 
sum of live plant weights for all species in mixture at a 
given nutrient level (6 different species) was not 
262 
consistently greater than the equivalent yield of the highest 
yielding species in monoculture (6 plants of the same 
species). The values were very similar in mixture and highest 
yielding monoculture in the 1/16x to 1x nutrient range, 
although higher in absolute terms only at the 1/2x level. 
From 2x to 16x the values were greater in the highest 
yielding monoculture species, Rumex crispus. 
Several reasons have been proposed to explain the high 
yields obtained in some species mixtures (see the reviews by 
Trenbath, 1974 & Wilson, 1988). The most common of these are 
probably the ability of the roots of individual species to 
exploit different depths, and a more efficient utilisation of 
light by the multispecies canopy (i.e. a range of canopy 
structures from tall and erect through to short and 
prostrate). In a relatively shallow pot, such as the ones 
used in this experiment, there is limited opportunity for 
different species to exploit different depths. However, it 
was noted that at nutrient levels ~1/2x, there was clear 
differentiation into species producing small and shallow root 
masses (especially the native forbs) and species producing 
larger root biomasses which occupied the full range of depths 
in the pots (especially Hypochoeris radicata and Rumex 
crispus). 
The efficient utilisation of light probably contributed 
to the high yields of the mixtures, particularly as the 
highest mixture yields relative to the highest yielding 
monocultures occurred in the low to intermediate nutrient 
levels. In mixtures at intermediate to high nutrient levels, 
the dense shoot canopies of the highest yielding species 
(particularly those of Hypochoeris radicata and Rumex 
crispus), severely restricted the light available to the 
smaller plants of the remaining species. However, shoot 
competition at the lower nutrient levels was less severe. 
Rumex crispus at these levels had a relatively open shoot 
structure of few, large, erect leaves on long petioles; and 
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this allowed light to penetrate to the remaining plants. The 
other high yielding species, Hypochoeris radicata and 
Achillea millefolium, also had more open shoot structures at 
low nutrient levels. 
The two species which dominated the live plant relative 
physiological and normalised ecological performances, Rumex 
crispus and Hypochoeris radicata, adopted quite different 
strategies in the production of biomass (Figures 4,5,7,& 8). 
Except at the lowest nutrient level, Hypochoeris radicata 
allocated most of its resources to shoot production. 
Hypochoeris radicata was the species producing the maximum 
shoot biomass from 1/16x to 1x nutrient levels in both 
monoculture and mixture, and was high yielding at the 
remaining nutrient levels (Figures 4 & 7). The success of 
Hypochoeris radicata at low to intermediate nutrient levels 
is also reflected in its field distribution. It is one of the 
most widely naturalised species in high altitude areas of 
Kosciusko National Park, occurring not only in disturbed 
sites but also in open patches in relatively undisturbed 
vegetation. It is most common in sites which have an assumed 
low soil nutrient status, and where there is little shading 
from other plants (Costin, 1971; Wimbush & Costin, 1979). 
In contrast to Hypochoeris radicata, Rumex crispus was 
successful primarily as a result of its domination of the 
root environment (Figures 5 & 8). The change in S/R ratio 
between monoculture and mixture was very small for Rumex 
crispus, and in both cases it increased only gradually with 
increasing nutrient level (Figure 2). Rumex crispus produced 
a number of large taproots at all nutrient levels, which were 
presumably a storage site for nutrients. All other species 
produced predominantly fibrous roots. As nutrient levels and 
shoot densities increased, Rumex crispus also had the 
advantage of having the tallest leaves, which could be held 
above the dense canopies of Hypochoeris radicata and Achillea 
millefolium. 
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The strategy adopted by Rumex crispus in the glasshouse 
conditions is difficult to explain in terms of its field 
distribution. Rumex crispus occurs most commonly in disturbed 
areas with relatively high nutrient input, and these are 
generally sites with dense shoot growth of many species. Thus 
you might expect Rumex crispus to allocate more of its 
resources to shoot growth at intermediate and high nutrient 
levels. The storage of nutrients in the roots, if associated 
with a slower release of nutrients to the shoots, may enable 
Rumex crispus to withstand very high nutrient levels without 
shoot toxicity effects. The storage of nutrients would also 
render them unavailable to other plants. Additionally, it may 
provide resources for the subsequent production of flowering 
shoots. It may be useful to determine the concentrations of 
nitrogen and phosphorus in the shoot and root tissue at 
different nutrient levels, and to compare them with the 
concentrations in field plants. 
Despite the success of Rumex crispus at low and 
intermediate nutrient levels in this experiment, it is only 
an occasional component of open sites with low nutrient 
availability under field conditions. Although the success of 
Rumex crispus under experimental conditions was closely 
related to its high root biomass production, it in fact 
appeared to have less surface area of roots than Hypochoeris 
radicata. It may be that root surface area is of greater 
importance than weight per se in the ability to utilise 
scarce nutrient resources. The difficulties experienced in 
extrapolating the results obtained from artificial 
experimental conditions to the complex processes occurring in 
the field are listed in more detail in the third section of 
the discussion. 
Achillea millefolium was a high yielding species in 
monoculture, with a performance similar to that of 
Hypochoeris radicata (Figure 3). However, in contrast to the 
other high yielding species it was unable to increase its 
performance in multispecies mixture (Figure 6). A study by 
Kannangara & Field (1985) indicated that light was the major 
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factor limiting the growth of Achillea millefolium when it 
was grown in association with a pea species (Pisum sativum), 
with root competition a contributing factor. Kannangara & 
Field (1985) found that the rosette growth form of Achillea 
millefolium was easily overtopped by the more upright growth 
form of the pea. In the present study however, the leaves of 
Achillea millefolium grew relatively upright, although this 
was probably assisted by the plastic shields surrounding each 
pot. 
Bourdot et al. (1984) suggest that Achillea millefolium 
in fact has a considerable tolerance to shading to facilitate 
its establishment and survival in competitive habitats, but 
that there is intense competition between shoots and roots at 
low light levels. This resulted in a reduction in allocation 
of available plant resources to the roots, and an increase in 
allocation to the shoots. Thus although Achillea millefolium 
is tolerant of shading, it is likely to be less competitive 
for nutrients (and water) under such conditions as a result 
of its reduced root biomass. This is supported in my 
experiment by the substantially increased S/R ratio (Figure 
2) and the reduced performance (Figures 3 to 8) of Achillea 
millefolium in mixture compared with monoculture at 
intermediate to high nutrient levels, where maximum shading 
occurred. 
The Prediction of Normalised Ecological Performance from 
Relative Physiological Performance 
Harper (1977) and others have concluded that the 
performance of a species in mixture is not predictable from 
its monoculture growth. This differs from the findings of 
Austin (1982), who devised a standardised measure of species 
performance in both monoculture and mixture (see previous 
sections), and argued that it should be possible to predict 
performance in experimental multispecies mixtures if there is 
a close correlation between yield and competitive ability. 
Austin (1982) and Austin et al. (1985) found that EiJ could 
be predicted from RiJ using a model of the form: 
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loge EiJ = aJ + bRiJ [+/- c(S/R)iJ]. 
In the current study, this model was also successful in 
predicting live plant species performance in mixture from its 
performance in monoculture at most positions on the nutrient 
gradient (Table 5). 
In addition, the live plant EiJ of the current study 
could be predicted solely from the root RiJ values, using the 
simple linear model: 
EiJ (live plant) = aJ + bRiJ (root). 
This suggests that the root performance in monoculture for 
this particular group of species was of primary importance in 
determining the outcome of interspecific competition. The fit 
of this model was probably enhanced by the very high root 
yield of Rumex crispus in both monoculture and mixture. A 
recent review by Wilson (1988) of the effects of shoot and 
root competition in predominantly two-species mixtures 
indicated that root competition generally affected the 
balance between components of a mixture more than shoot 
competition. This is supported by the results of the current 
experiment. 
The earlier division of the nutrient gradient into three 
zones can be explained by a consideration of the resources 
that are most likely to be limiting plant growth at each part 
of the gradient. In the low nutrient zone (1/16x to 1/2x), 
competition for nutrients is at its highest level, while 
competition for light is at its lowest level. Therefore root 
competition is likely to be of prime importance in this zone, 
as indicated by the successful prediction of live plant 
performance in mixture from root performance in monoculture. 
In the zone corresponding to the 1x nutrient level, 
competition for both light and nutrients are likely to be at 
low to intermediate levels. In the high nutrient zone (2x to 
16x), nutrients are probably available in non-limiting 
quantities, while competition for light is at its highest. 
Since competition for light is most intense at high nutrient 
levels, it may be expected that the prediction of species 
performance in mixture would have been most successful from 
shoot performance in monoculture rather than from root 
performance in monoculture. However, it must be remembered 
that shoot competition is dependent on the earlier root 
competition, with greater resources for shoots being 
available to those plants with root systems which allow a 
greater or more rapid uptake of water and nutrients (cf 
Mahmoud & Grime, 1976). 
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It is possible that the predictability of mixture 
performance from monoculture performance may decrease where 
the study extends beyond the early seedling growth phase. 
Grace (1988) found in a study of two Typha species along a 
moisture gradient, that the correlation between RiJ and EiJ 
declined for plants more than one year in age. 
Factors Influencing Competitive Success 
As mentioned, it is difficult to extrapolate the results 
obtained from artificial experimental conditions to field 
conditions. This is especially true for this study, because 
so little is known of the nitrogen and phosphorus (and other 
nutrient) status of the soils in the Kosciusko region. The 
results of the current experiment may have been more easily 
applicable to the interpretation of species distributions in 
Kosciusko National Park if the species had been grown in soil 
collected from the Park rather than sand (see Camino, 1983). 
It is also possible that the use of a nutrient level below 
1/16x may have been necessary to obtain a higher biomass 
production by the native species relative to that produced by 
the introduced species, and thus the inclusion of lower 
nutrient levels is recommended for future studies of this 
nature. In addition, there are many factors other than 
nitrogen and phosphorus concentrations which affect the 
abilities of species to establish and persist in an area. 
Some of the more important of these are outlined below, and 
where possible these are related to the performances of the 
species tested in this study. 
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a) The timing of germination and seasonal growth patterns 
In this experiment, the germination times of all species 
were manipulated so that all plants were established at the 
same stage of growth. Studies which have used species 
germinated at different times have shown that late sown 
plants are generally suppressed by early sown plants (e.g. 
Harper, 1961; Ross & Harper, 1972; Pemadasa & Amarasinghe, 
1982; Fowler, 1984; Benner & Bazzaz, 1987). Therefore 
established populations of native plants such as Craspedia 
sp. and Celmisia sp. are probably successful in suppressing 
later-arriving introduced species, despite the rapid growth 
rate and greater biomass produced by these introduced species 
at most nutrient levels. Conversely, it would make it even 
more difficult for the native species to recolonise areas 
currently dominated by introduced species. Even at low 
nutrient levels where the native species were most successful 
in multispecies mixture, and which probably most closely 
approximate the field concentrations of nitrogen and 
phosphorus, they were outcompeted by several widespread 
introduced species. 
In addition to the timing of germination, different 
seasonal patterns of shoot and root growth influences (and 
sometimes reduces) the competitive interactions between 
species (England, 1968; Scarisbrook & Ivins, 1970; Benner & 
Bazzaz, 1987). 
b) Reproductive success 
The utilisation of resources in the production of shoot 
and root biomass is only part of the requirements of a 
successful competitor. Also important is the time taken to 
reach reproductive maturity, the production of viable seeds 
or vegetative regenerative structures, and the ability to 
disperse to available sites (Harper & Chancellor, 1959; 
Harper & McNaughton, 1962). 
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At the end of the current experiment, two species had 
begun to produce flowers. Hypochoeris radicata began to form 
flowers after 11 weeks in monocultures at nutrient levels of 
1/4x to 4x, and in mixtures at nutrient levels of 1/4x to 2x. 
Achillea millefolium formed flower buds in monoculture at 
nutrient levels of 2x to 4x, the levels at which it dominated 
shoot relative physiological performance (Figure 5). These 
two species were less sucessful than Rumex crispus in the 
production of live plant biomass in multispecies mixture at 
most nutrient levels. However, they may in fact be more 
successful in persisting at a site than Rumex crispus as the 
result of their ability to divert resources to reproductive 
structures in a shorter period of time. This may be similar 
to the ruderal strategy of Grime & Hunt (1975) and Grime 
(1977), where a high growth rate of ruderal species may be 
directed towards rapid completion of the life cycle rather 
than the competitive occupation of biological space. For 
Hypochoeris radicata particularly, the only species able to 
produce flowers in mixture in a 12 week period, the ability 
to reproduce at an earlier stage may enable it to establish 
in any openings in the vegetation before the competing 
species reached reproductive maturity. Since Hypochoeris 
radicata does not require a dormancy period prior to 
germination (Turkington & Aarssen, 1983), earlier production 
of seed and establishment of seedlings is likely to confer a 
competitive advantage. 
Vegetative reproduction also needs to be considered, as 
it is a common strategy of the high altitude plants of 
Kosciusko National Park. Celmisia spp. and the common native 
grass species (Poa spp.) frequently colonise open spaces by 
vegetative spread rather than by seedlings. This would also 
increase their competitive ability in relation to introduced 
species establishing from seed. 
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c) Environmental Conditions 
Environmental conditions apart from nitrogen and 
phosphorus levels in the soil obviously influence the 
competitive abilities of plants. These include concentrations 
of other nutrients, air and soil temperatures, moisture and 
light. For example, Amarasinghe & Pemadasa (1982) showed that 
soil moisture was important in affecting the production of 
leaves and tillers in four competing grass species. In 
Kosciusko National Park there is frequently a relationship 
between high nutrient environments and high moisture levels. 
This would complicate the extrapolation of the experimental 
results to the field conditions. 
d) Density 
Recently there has been considerable interest in the 
influence of density on the responses of species grown in 
monoculture and mixture (e.g. Harper & McNaughton, 1962; 
England, 1968; Watkinson, 1981; Fowler, 1982; Pemadasa & 
Amarasinghe, 1982; Firbank & Watkinson, 1985; Connolly, 1986 
and Austin et al., 1988). This has also led to interest in 
the validity of results produced in both substitutive and 
additive experimental designs, and is well-reviewed by Austin 
et al. (1988). They suggest that in the case of substitutive 
designs, comparison between mixture and monoculture yields 
where the ratio of yields is between 0.5 and 1 .0 cannot be 
interpreted unequivocally as competition if the position on 
the density-yield function is unknown. In the current study, 
even though there is no information on the density-yield 
function over the range of 1 to 6 plants per pot, the 
densities appeared adequate for both intraspecific and 
interspecific competition to occur (except at the 1/16x 
nutrient level, and for monocultures of Celmisia sp.). Austin 
et al. (1988) indicate that additive experiments are 
preferable to substitutive ones, providing there is 
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information on the response of all species for all 
combinations of densities. This has not yet been achieved for 
a multispecies mixture over a range of positions on an 
environmental gradient. 
e) Time 
Competitive relationships among species may change over 
time (Fenner, 1978; Tilman, 1987; Grace, 1988). Although the 
introduced plants were more competitive in multispecies 
mixture than the slower growing native species, it is 
possible that changes in the competitiveness of the species 
may occur over a longer experimental period. 
CONCLUSIONS 
Although the glasshouse conditions represent a major 
simplification of the processes occurring in the field, the 
experimental outcomes could in most instances be supported by 
field observations. This study further supports the idea that 
plant species do show marked differences in performances in 
mixture and monoculture, and that these can provide insights 
into plant community organisation and competitive 
relationships (cf Parrish & Bazzaz, 1982b; Austin et al., 
1985; Wilson, 1988). 
Under conditions of varying nitrogen and phosphorus 
concentrations, and following the establishment of all 
species from seed at equal stages of growth, the introduced 
species were more successful in the production of biomass in 
multispecies mixture than the native species. They were able 
to overtop the native species at all except the lowest 
nutrient levels. The reinvasion of dominant native species 
into areas currently occupied by introduced species is 
unlikely to occur until the nutrient levels are extremely 
low. Although it appears that the native species are poor 
competitors, the rapid production of biomass in response to 
an addition of nutrients may be of little value in 
undisturbed, high altitude environments unless the nutrient 
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supply was continuous. Species may be more successful with a 
small response to an addition of nutrients which can be 
maintained for a long period of time under conditions of 
environmental stress (cf the "stress tolerant" strategy of 
Grime & Hunt, 1975). 
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CHAPTER 7. 
COMPETITIVE RESPONSES OF SELECTED NATIVE AND INTRODUCED 
SPECIES FROM HIGH ALTITUDE AREAS OF SOUTH-EASTERN NEW SOUTH 
WALES, AUSTRALIA, ALONG A NITROGEN AND PHOSPHORUS GRADIENT. 
II. GRASS SPECIES. 
ABSTRACT 
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Two native grass species (Poa costiniana and Poa 
fawcettiae) and three introduced grass species (Agrostis 
capillaris, Dactylis glomerata and Poa pratensis) were grown 
in monoculture and multispecies mixture along a nitrogen and 
phosphorus gradient. The introduced species have been used 
extensively in revegetation work in high altitude areas of 
Kosciusko National Park, south-eastern New South Wales. The 
seed of the introduced species was obtained from a commercial 
supplier, while the native species seed and a second source of 
Agrostis capillaris seed were collected in the field. 
The native species were generally much lower yielding 
than the introduced species at all nutrient levels, and their 
peak yields occurred at lower nutrient levels. They also had 
high shoot/root ratios, particularly in monoculture at 
intermediate and high nutrient levels. The high shoot/root 
ratios may reflect the need of some high altitude plants to 
assimilate as much material as possible in favourable growing 
conditions. 
Agrostis capillaris was generally the most successful 
introduced species in both monoculture and mixture. It was the 
only species able to produce a greater biomass in mixture than 
in monoculture at all nutrient levels. A number of factors 
contribute to the success of Agrostis capillaris in both 
glasshouse and field conditions. These include a rhizomatous 
growth habit, a rapid growth rate, an ability to produce 
proportionally more shoot biomass in mixture and an ability to 
produce short leaves on elongated stems which can be held 
semi-horizontally to capture light efficiently. 
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Agrostis capillaris plants established from the field 
collected seed generally performed better than the plants 
established from the commercial seed. The success of Agrostis 
capillaris, and to a lesser extent Poa pratensis, at the 
lowest nutrient levels in mixture indicates that the 
recolonisation by native species of revegetated and fertilised 
sites in Kosciusko National Park may be difficult even as 
fertility levels decline. 
The prediction of relative performance in mixture from 
relative performance in monoculture was possible at most 
nutrient levels. The prediction of live plant relative 
performance in mixture was generally more successful using 
relative performance of roots in monoculture at low to 
intermediate nutrient levels, and using relative shoot 
performance in monoculture at high nutrient levels. This 
relates to the varying intensities of competition for 
nutrients and light along the nutrient gradient. 
INTRODUCTION 
This paper is the second in a series of three which 
describe the responses of selected introduced and native 
species to an artificial nutrient gradient, where the species 
are grown in both monoculture and multispecies mixture. The 
nutrient gradient consists of seven different levels of 
nitrogen and phosphorus. The method used in the experiments is 
based on the substitutive design described by Austin et al. 
(1985), which compares species performance in monoculture and 
mixture using two standardised performance measures. 
Background information on the choice of nitrogen and 
phosphorus concentration as the environmental parameter for 
study, the reasons for using glasshouse experiments rather 
than field experiments, and a brief review of methods used in 
competition experiments are provided in the first paper of 
this series (Mallen-Cooper, Chapter 6 of this thesis). Species 
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selected for the experiments are either native to the alpine 
and subalpine regions of Kosciusko National Park, New South 
Wales, or are introduced species which are widely naturalised 
in these regions. 
The alpine and subalpine areas of Kosciusko National Park 
have been subjected to many forms of disturbance in the last 
150 years, including livestock grazing; the construction of 
dams, powerlines, pipelines, roads and buildings; a diverse 
range of recreational activities and both natural and human-
induced fire. All these disturbances have resulted in the 
exposure of bare ground. Areas of bare ground in the alpine 
and subalpine regions are very susceptible to erosion by wind, 
water and frost (Costin, 1954; Costin et al., 1960; Keane, 
Wild & Rogers, 1980). 
The recognition of the extent and severity of soil 
erosion in the 1950s and 1960s led to a search for 
revegetation techniques which would be appropriate in these 
environmental conditions. As little was known of the ecology 
of the native species, and as the seed of native species was 
not available in commercial quantities, revegetation 
techniques were developed using commercially available, fast-
growing pasture grasses and clovers from Australia and 
overseas. These introduced species were fertilised and covered 
with a protective layer of mulch (generally straw or pasture 
hay), held in place by bitumen emulsion or some form of 
netting. A review of the revegetation techniques and their 
development is given by Mallen (1983). 
The introduced species which have been used most commonly 
in revegetation activities since the 1950s are Agrostis 
capillaris (formerly Agrostis tenuis - Browntop Bent), 
Dactylis glomerata (Cocksfoot), Poa pratensis (Kentucky Blue 
Grass), Lolium perenne (Perennial Rye Grass), Festuca rubra 
(Chewings Fescue), Trifolium repens (White Clover) and 
Trifolium pratense (Red Clover). Dactylis glomerata has 
recently been omitted from the seed mixes, partly as a result 
of its appearance (erect, coarse and tussocky, which contrasts 
with the finer and more spreading growth habits of the other 
introduced and native grasses), and partly due to concern 
about its potential invasibility in Kosciusko National Park 
(L. Hodges, pers. comm.). 
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Although the short-term aim of the revegetation 
programmes is to stabilise the soil surface, the long-term aim 
is to return the disturbed sites to native species cover. This 
is not only for conservation reasons, but because a native 
species cover does not require the expensive maintenance work 
such as fertilising and mulching which is necessary to sustain 
a good cover of introduced species (Costin & Wimbush, 1963; 
Keane, 1977). The introduced species require relatively large 
initial applications of fertiliser to establish successfully, 
and generally need one or more follow-up applications after 2-
3 years. It is believed that native species recolonise the 
revegetated areas over time as the soil fertility decreases. 
There is little documented evidence to support or to disprove 
this belief, although observations have been made of native 
species recolonising certain revegetated areas and conversely 
of introduced species remaining dominant at particular sites 
for many years (Vickery, 1964; Bryant, 1971; Good, 1976; 
Keane, 1977). 
There is little experimental work available on the 
responses of native and introduced species to different levels 
of fertiliser, the competitive relationships between native 
and introduced species, or whether the competitive 
relationships are influenced by the soil fertility. This study 
aims to provide some experimental evidence on the responses of 
three introduced pasture grasses commonly used in revegetation 
programmes (Agrostis capillaris, Dactylis glomerata and Poa 
pratensis) and two widespread native grasses (Poa costiniana 
and Poa fawcettiae) to an artificial nutrient gradient, 
comparing species biomass production in monoculture and 
multispecies mixture. The seed of the three introduced species 
was obtained from a commercial supplier for alpine and 
subalpine revegetation work, and the native species seed was 
hand-collected in the field. Seed of Agrostis capillaris 
collected from a field site in Kosciusko National Park was 
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also used in the experiment to see if there were any 
differences in competitive abilities and responses to nitrogen 
and phosphorus between commercially supplied and field 
collected seed. 
The experiments also aimed to determine whether or not 
the performance of species in multispecies mixtures could be 
predicted from their monoculture performance, and to determine 
if field observations support the results obtained from the 
glasshouse experiments. 
In this paper an introduced or exotic species refers to 
any species not native to the Kosciusko region. The term 
competition refers to the response of an individual plant or 
plant species to its total environment, as this is modified by 
the presence and/or growth of other individuals or species. As 
this refers to modifications resulting from all plant 
interactions rather than strictly negative ones, it is more 
accurately termed interference (Harper, 1964; Silvertown, 
1982). As most other studies use the term competition, it was 
used in this paper for consistency. 
METHODS 
Species 
Two native grass species (Poa costiniana Vickery and Poa 
fawcettiae Vickery) and three introduced grass species 
(Agrostis capillaris L., Dactylis glomerata L. and Poa 
pratensis L.) were used in the experiment. Species 
nomenclature follows Costin et al. (1979). Poa costiniana 
(Prickly Snow Grass) was collected on 28 February 1985 at Dead 
Horse Gap, Kosciusko National Park. Poa fawcettiae (Smooth 
Blue Snow Grass) was collected on 11 March 1985 from Perisher 
Valley, Kosciusko National Park. Seed of Dactylis glomerata 
and Poa pratensis was obtained from "Bungendore Cleanseed", a 
commercial supplier used by organisations undertaking 
revegetation work in the Park. Both a commercially supplied 
and a field collected source of seed of Agrostis capillaris 
were used. These are denoted Agrostis capillaris F (field 
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collected) and Agrostis capillaris C (commercially supplied). 
Agrostis capillaris F was collected on 19 May 1985, 
approximately 0.5 km east of Dainers Gap, Kosciusko National 
Park. There were thus six different seed types used in the 
experiment. Poa costiniana, Poa fawcettiae and Dactylis 
glomerata are densely tufted perennial grasses. Agrostis 
capillaris and Poa pratensis are rhizomatous perennial 
grasses, and Agrostis capillaris is also occasionally 
stoloniferous. 
Seed was stored in open plastic bags in a cool, dark and 
dry environment until used in the experiment. Germination 
trials were carried out in October 1985 to determine the 
number of days required for the seeds of each species to 
germinate and develop one leaf, with a second leaf just 
emerging. This was necessary to ensure that all seedlings 
could be planted at the same stage of growth. The seedlings 
were germinated in sand in an unheated glasshouse, and planted 
into pots on 9 and 10 November 1985. 
Nutrient Gradient and Glasshouse Procedure 
The nutrient gradient and glasshouse procedures are 
identical to those described in Mallen-Cooper (Chapter 6 of 
this thesis). In summary, the nutrient gradient consisted of 
seven different levels of nitrogen and phosphorus equivalent 
to 1/16, 1/4, 1/2, 1, 2, 4, and 16x the amount of nitrogen and 
phosphorus in Arnon's 1938 nutrient formula (Hewitt, 1966, 
page 190). These nutrient levels will hereafter be referred to 
simply as 1/16x nutrient level etc. Nitrogen was supplied as 
NH 4No3 and phosphorus as NaH 2Po 4 . The remaining nutrients in 
Arnon's solution were applied to all pots in the 
concentrations listed by Hewitt (1966, p190). 
Seedlings were planted into pots (18 cm in diameter and 
11.5 cm deep) filled with washed river sand on top of a 2 cm 
layer of vermiculite. Six seedlings were planted per pot, 
either of the same "species" for monocultures or of six 
different "species" for the mixtures. Loose plastic shields 
were fitted around each pot to prevent the plants from 
spreading beyond the perimeter of the pot. 
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Nutrient solutions were applied to the pots three times 
per week, using an amount which completely saturated the sand 
(100-200 mls). Plants were watered with tap water on the 
intervening days, again until the pots were saturated with 
water, to prevent an accumulation of unused nutrients. 
Plants were harvested 12.5 weeks after sowing, as the 
first species began to flower. Plant material was separated 
into live shoots, dead shoots and roots and was oven dried for 
48 hours at 80°C. Monoculture weights were divided by 6 so 
that all analyses were made on a per plant basis. 
Experimental Design 
The experimental design is detailed in the first paper of 
this series. In summary, the experiment used a randomised 
block design, with 3 replicates at each nutrient level for 
each of the monocultures and for the six-species mixtures. 
Analysis of variance techniques were used to test the 
treatment effects (block, nutrient level and species) and 
their interactions on the live shoot, root, live plant (live 
shoot + root) and total plant (live shoot + root + dead shoot) 
dry weights. 
To enable comparisons to be made between species 
performance in monoculture and mixture (other than a 
description of the response curves of dry weights per plant 
and shoot/root ratios along the nutrient gradient) the data 
were standardised using the performance measures proposed by 
Austin (1982) and Austin et al. (1985). These are denoted the 
relative physiological performance (RiJ) for monocultures and 
the normalised ecological performance (EiJ) for mixtures. 
These are calculated by dividing the mean yield per plant of a 
species i at a particular nutrient level J by the mean yield 
per plant of the highest yielding species at that nutrient 
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level. This is done separately for monocultures and mixtures. 
Individual replicate values which were <50% or >250% of the 
mean value were omitted from these calculations at nutrient 
levels below 4x. At nutrient levels of 4x and 16x dry weights 
were more variable as a direct result of nutrient toxicity 
rather than experimental error, so were retained in the 
analysis. 
Linear and multiple regression techniques were used in 
the prediction of species yields in mixture from their yields 
in monoculture, using the models suggested by Austin (1982) 
and Austin et al. (1985). All analyses were carried out using 
the GLM and REG procedures of the SAS statistical package (SAS 
Institute, 1988). 
For convenience, graphs of species responses to nutrient 
levels have shown the nutrient gradient as an unscaled, 
ascending sequence. 
RESULTS 
Analysis of Variance 
There were highly significant differences in live shoot, 
root, live plant and total plant dry weights among levels of 
nitrogen and phosphorus in both monoculture and mixture 
(p<.0001 for all variables, Tables 1 & 2). The total plant 
yield for all species in monoculture, determined as the sum of 
mean total yields per plant for all species at a given 
nutrient level, increased with increasing nutrient level to a 
maximum of 21 .3 g at the 2x nutrient level. It then decreased 
to 17.4 g at the 16x level. In mixture, the total plant yield 
for all species increased with increasing nutrient level to a 
maximum of 25.2 g at the 4x level, again decreasing in yield 
at the highest nutrient level. 
The live shoot yields for all species followed similar 
trends to the total plant yields as described above. The root 
yields generally reached a maximum at a lower nutrient level 
than those observed for shoot and total plant yields (1x for 
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TABLE 1. Analysis of variance for monocultures of six grass species in 
response to nutrient (nitrogen and phosphorus) concentration 
for the variables live shoot, root, live plant and total plant. 
LIVE SHOOT ROOT 
F Pr>F F 
Block ns 15.94 
(2 df) 
Nutrient 126.29 .0001 20.86 
(6 df) 
Species 192.53 .0001 102.37 
(5 df) 
Nutrient x 10.38 .0001 3.23 
Species 
(30 df) 
LIVE PLANT TOTAL PLANT 
Pr>F F Pr>F F 
.0001 7.32 .0012 8.73 
.0001 103.91 .0001 119.36 
.0001 234.09 .0001 260.63 
.0001 8. 72 .0001 9.51 
KEY: F = F ratio 
df degrees of freedom 
ns = not significant 
(p>0.05) 
Pr>F 
.0004 
.0001 
.0001 
.0001 
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TABLE 2. Analysis of variance for a split plot mixture experiment on six 
grass species in response to nutrient (nitrogen and phosphorus) 
concentration for the variables live shoot, root, live plant 
and total plant. 
LIVE SHOOT ROOT LIVE PLANT TOTAL PLANT 
F Pr>F F Pr>F F Pr>F F Pr>F 
Block ns ns ns ns 
(2 df) 
Nutrient 41 . 77 .0001 23. 18 .0001 39. 12 .0001 46.24 .0001 
(6 df) 
Species 161.57 .0001 32.02 .0001 144.97 .0001 144.24 .0001 
(5 df) 
Nutrient x 5.99 .0001 ns 4.54 .0001 4.48 .0001 
Species 
(30 df) 
KEY: F F ratio 
df = degrees of freedom 
ns = not significant 
(p>0.05) 
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monocultures and 1/4x for mixtures). The live shoot, root, 
live plant and total plant yields summed for all species were 
generally higher in mixture than in monoculture at all 
nutrient levels. 
There were highly significant differences in live shoot, 
root, live plant and total plant dry weights produced among 
species (p<.0001 for all variables, Tables 1 & 2). In 
monoculture, the species which produced the highest total and 
live plant yields summed for all nutrient levels was Agrostis 
capillaris F, followed by Agrostis capillaris C, Dactylis 
glomerata, Poa pratensis, Poa costiniana and Poa fawcettiae in 
decreasing order. In mixture, the species in decreasing order 
were Agrostis capillaris F, Agrostis capillaris C, Poa 
pratensis, Dactylis glomerata, Poa fawcettiae and Poa 
costiniana. The shoot, root and whole plant yields summed for 
all nutrient levels were approximately 1.7x higher in mixture 
than in monoculture for the two Agrostis capillaris "species". 
The equivalent values for the remaining species were higher in 
monoculture than in mixture. 
There was a highly significant interaction between 
nutrient level and species for all variables measured 
(p<.0001, Tables 1 & 2), with the exception of root weight in 
mixture. This probably reflects the tendency towards a bimodal 
distribution in the response curves of root yield in mixture 
versus nutrient level for the high yielding species Agrostis 
capillaris and Poa pratensis. Where the interactions are 
significant, the magnitude of the difference in dry weight 
yield for a given nutrient level depends on the species. The 
interaction between species and nutrient level is interpreted 
in more detail in the following two sections, which look at 
live plant yields (Figure 1) and shoot/root ratios (Figure 2) 
in monoculture and mixture. 
Live Plant Yields 
The live plant yield of species was different in 
monocultures and mixtures, varying with species and with 
position on the nutrient gradient (Figure 1). In monoculture, 
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FIGURE 1. Live plant yields of individual grass species in 
monoculture { - • - ) and mixture { • +. ) at each nutrient level. 
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FIGURE 2. Shoot/root ratios of individual_ grass species in monocuiture 
( - • - ) and mixture ( • +. ) at each nutrient level. 
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the highest yielding species were Agrostis capillaris F and C, 
and Dactylis glomerata. Agrostis capillaris F was the highest 
yielding species at all nutrient levels except 4x, where it 
was replaced by Dactylis glomerata. The two "species" of 
Agrostis capillaris reached their peak live plant yield at the 
2x nutrient level. Poa pratensis performed moderately over the 
nutrient gradient, increasing in yield from 1/16x to 2x and 
then retaining a relatively constant yield of approximately 
3.4 g for the remaining nutrient levels. All other species 
showed a decrease in yield at the highest nutrient level. 
There was a major difference between the monoculture 
yields of the introduced species and those of the two native 
Poa species. The native species not only had considerably 
lower yields at all nutrient levels, but reached their peak 
yields at 1/2x rather than 2x to 4x. Although the yields of 
the native species declined only gradually with increasing 
nutrient level above 1/2x, their yields were close to zero at 
16x as a result of nutrient toxicity. 
In mixture, the live plant yields of Agrostis capillaris 
F and C were greatly increased in comparison to their 
monoculture yields at all nutrient levels greater than 1/16x 
(Figure 1). Their maximum yields increased from 5.2 g to 9.4 g 
for Agrostis capillaris F and from 4.8 g to 9.7 g for Agrostis 
capillaris C. Agrostis capillaris F was the higher yielding of 
the two at all nutrient levels except 2x. The remaining 
species generally produced lower live plant yields in mixture 
than in monoculture, particularly the native Poa species at 
all nutrient levels, and Poa pratensis and Dactylis glomerata 
at intermediate and high nutrient levels. 
Shoot/root Ratios in Monoculture and Mixture 
Shoot/root ratios (hereafter denoted S/R ratios) were 
generally greater than 1 for all species at all nutrient 
levels in both monoculture and mixture (Figure 2). The maximum 
S/R ratios for all species were between 6 and 16 for 
monocultures and between 4 and 18 for mixtures. In monoculture 
S/R ratios generally increased with increasing nutrient level 
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until 4x, after which all plants experienced some shoot death 
as a result of nutrient toxicity. There was a clear 
distinction in monoculture between the S/R ratios of the 
introduced and the native species. The native Poa spp. had S/R 
ratios two to four times higher than those of the introduced 
grasses at all except the highest nutrient levels, where the 
native species were much more severely affected by nutrient 
toxicity. The S/R ratios of all introduced species except 
Dactylis glomerata increased particularly rapidly between 1x 
and 4x nutrient levels. 
The S/R ratios in mixture generally increased with 
increasing nutrient level for all introduced species, and were 
highly variable for the native species. Both Agrostis 
capillaris F and Agrostis capillaris C had higher S/R ratios 
in mixture at all nutrient levels. Poa pratensis had very 
similar S/R ratios in monoculture and mixture. Dactylis 
glomerata had a lower S/R ratio in mixture than in monoculture 
at nutrient levels above 1/4x. Poa costiniana had very 
variable S/R ratios in mixture, but they were consistently 
lower than the corresponding ratios in monoculture at all 
except the highest level where they were approximately equal. 
Poa fawcettiae also generally had lower S/R ratios in mixture 
than in monoculture, except for a very high and anomalous S/R 
ratio of 17.5 at the 2x nutrient level in mixture. This was 
the highest S/R ratio recorded in the experiment, and resulted 
from particularly low root yields. 
Relative Physiological Performance (Ri.i) for the Variables 
Live Plant, Live Shoot and Root. 
Standardising the monoculture yield data to values 
between 0 and 1, by dividing the yield of each species at a 
particular nutrient level by the yield of the highest yielding 
species at that level, led to some major changes in the 
response curves of the grass species (Figures 3 to 5). In 
terms of live plant RiJ (Figure 3), the highest performing 
species were Agrostis capillaris F and C over the entire 
nutrient gradient, and Dactylis glomerata at nutrient levels 
>1x. Agrostis capillaris F was the maximum yielding species at 
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FIGURE 3. Live plant relative physiologkal performance ( RiJ) of 
individual grass species at each nutrient level_. 
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grass species at each nutrient levcl. 
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FIGURE 5. Root relative physiological. performarce ( R:i.J of individual 
grass species at each nutrient level. 
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all nutrient levels except 4x, where it was replaced by 
Dactylis glomerata. All three species generally had values 
>0.8 at all nutrient levels above 1/16x. Poa pratensis was a 
moderately high yielding species, and showed only minor 
variations in RiJ with changing nutrient level. The native Poa 
spp. again had the lowest performances, with values <0.4 at 
all nutrient levels. Poa costiniana generally had higher RiJ 
values than Poa fawcettiae, and showed a more pronounced peak 
in its performance curve. 
The shoot RiJ curves (Figure 4) showed almost identical 
trends to those described for live plant RiJ' because most of 
the live plant weight of all species was contributed by the 
shoots. The only notable difference was the replacement of 
Agrostis capillaris F by Agrostis capillaris C as the maximum 
yielding species at the two lowest nutrient levels, although 
in fact there was little difference in the shoot performance 
values of both "species" at these nutrient levels. The shoot 
RiJ values for the native species were also closer to those of 
the introduced species at low nutrient levels than they were 
in terms of live plant RiJ· 
The root RiJ values (Figure 5) showed an even greater 
division between the native species (with values <0.2 for all 
nutrient levels) and the introduced species (with values >0.5 
for all nutrient levels). Agrostis capillaris F and C were 
less successful in root performance than they were in shoot 
performance, especially at high nutrient levels. Agrostis 
capillaris F was nonetheless the highest yielding species for 
roots from 1/16x to 1x. Dactylis glomerata had the lowest 
root RiJ values of the introduced species at nutrient levels 
~1x, but became the maximum yielding species between 2x and 
4x. At the 16x nutrient level Poa pratensis became the highest 
yielding species, despite a decrease in root RiJ values from 
1/2x to 4x. 
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Normalised Ecological Performance (EiJ) for the Variables Live 
Plant, Live Shoot and Root. 
The standardised yields of the species in mixture 
produced very different response curves from their relative 
physiological performance curves (Figures 6 to 8). Agrostis 
capillaris F and C remained high performing species in live 
plant EiJ (Figure 6), but the performance of all other species 
was considerably reduced. Agrostis capillaris F was the 
maximum yielding species (hence with a value of 1) at all 
nutrient levels except 1/16x and 2x, where it was replaced by 
Agrostis capillaris C. Poa pratensis, Dactylis glomerata, Poa 
costiniana and Poa fawcettiae had lower EiJ values at every 
nutrient level than their equivalent RiJ values. Dactylis 
glomerata was no longer a high performing species at high 
nutrient levels, reaching a peak value of 0.58 at the 1/2x 
nutrient level. Poa pratensis had a maximum live plant EiJ at 
1/16x, after which it had a low to moderate performance. The 
two native Poa species had very low live plant EiJ values at 
all nutrient levels. 
As in the RiJ results, the shapes of the shoot EiJ curves 
(Figure 7) were very similar to the live plant EiJ curves. The 
root EiJ curves (Figure 8) were quite complex, with many 
species showing alternating high and low values with 
increasing nutrient level over at least a part of the nutrient 
gradient. Agrostis capillaris F and C dominated the root EiJ 
at all except the 1/2x nutrient level. However, even these two 
species did not follow a consistent pattern, with Agrostis 
capillaris F having the highest EiJ value at the 1/4x, 1x and 
16x nutrient levels and Agrostis capillaris C having the 
highest value at the 1/16x, 2x and 4x nutrient levels. The 
peak root EiJ for Dactylis glomerata was displaced from 2x to 
4x in monoculture (RiJ) to nutrient levels of 1/2x to 1x. At 
1/2x, Dactylis glomerata was the highest yielding species for 
roots. Poa pratensis was only a moderate performer at all 
nutrient levels, and the native Poa spp. had very low root EiJ 
values at all nutrient levels. 
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FIGURE 6. Live plant normalised ecological performance (E iJ) of 
individual. grass species at each nutrient level. 
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FIGURE 7. Shoot normalised eco1.og:ical performance (Ei.J) of individual 
grass species at each nutrient level. 
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The Prediction of Relative Yield in Mixture from Monoculture 
Performance 
Austin (1982) and Austin et al. (1985) proposed four 
models to predict the relative yield in mixture (EiJ) from 
relative yield in monoculture (RiJ). These fou~ models are 
listed below; 
1 I EiJ = aJ + bRiJ 
2/ loge EiJ = aJ + bRiJ 
3/ EiJ = aJ + bRiJ + c(S/R)iJ 
4/ loge EiJ = aJ + bRiJ + c(S/R)iJ 
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The first two models were the most successful in 
predicting live plant EiJ from live plant RiJ (Table 3). 
Significant equations were obtained for nutrient levels 1/16x 
to 1x and 16x using the first model and for all nutrient 
levels using the second model. Values of R2 were generally 
higher using the first model for the lower nutrient levels 
(~1/2x), and for the second model for the remaining nutrient 
levels. The addition of the S/R term in models 3 and 4 
explained very little more of the variance not already 
accounted for by RiJ' and the S/R term was not significant at 
any nutrient level. These trends were repeated in the 
prediction of shoot EiJ from shoot RiJ' and therefore these 
results are not listed. 
For the prediction of root EiJ from root RiJ' both models 
1 and 2 gave significant equations at all nutrient levels 
(Table 4). The log model (Model 2) explained a higher 
proportion of the variance at all nutrient levels except 1x, 
where the R2 values were approximately equal for both models. 
Mallen-Cooper (Chapter 6 of this thesis) found that live 
plant EiJ for six forb species could be predicted solely from 
root RiJ' using model 1. In this study, live plant EiJ could 
also be predicted from root RiJ' although in this case the 
TABLE 3. The prediction of relative live plant perfonnance in mixture 
from relative live plant perfonnance in monoculture at each 
nutrient level. 
# # 
NUT. EiJ aJ + bRiJ loge EiJ = aJ + EiJ = aJ + bRiJ loge EiJ = aJ + 
LEVEL bRiJ + c(S/R)iJ bRiJ + 
c(S/R)iJ 
F Sig Rg_ F Sig Rg F Sig Rg F Sig Rg 
l/16x 18.00 * 0.818 10.68 * 0.728 12. 63 * 0.894 ns 0.787 
l/4x 8.48 * 0.679 9.42 * 0.702 ns 0.681 ns 0.757 
l/2x 103.22 *** 0.963 34.75 ** 0.897 43.52 ** 0.967 25.91 * 0.945 
lx 17. 33 * 0.812 91. 10 *** 0.958 ns 0.845 55.84 ** 0.974 
2x ns 0.566 27.05 ** 0.871 ns 0.624 10.93 * 0.879 
4x ns o. 546 19. 49 * 0.830 ns 0.629 ns 0.835 
16x 10.01 * 0.714 70.5 ** 0.946 ns 0. 783 27.42 * 0.948 
Sig significance level of equations; *P<0.05; **P<O. 01; ***P<O. 001 
Nut. nutrient 
EiJ relative 1 ive plant performance in mixture 
RiJ relative 1 ive plant performance in monoculture 
F F ratio 
R2 coefficient of variation 
# = no shoot/root (S/R) terms were significant at P<0.05 
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TABLE 4. The prediction of relative root perfonnance in mixture 
NUT. 
LEVEL 
1/16x 
1/4x 
1/2x 
lx 
2x 
4x 
16x 
from relative root perfonnance in monoculture at each 
nutrient leve 1. 
# # 
EiJ aJ + bRiJ loge EiJ = aJ + EiJ = aJ + bRiJ loge EiJ = aJ + 
bRiJ + c(S/R);J bRiJ 
c(S/R);J 
F Sig Rg F Sig Rg_ F Sig Rg F Sig 
9.37 * 0. 701 13. 49 * 0. 771 ns 0.742 ns 
10.98 * 0.733 28.72 ** 0.878 ns 0.797 10. 99 * 
15. 90 * 0.799 21.05 * 0.840 ns 0.804 ns 
52. 16 ** 0.929 46.06 ** 0.920 23.30 * 0.940 72.80 ** 
14.58 * 0.785 61.32 ** 0.939 ns 0.823 23.32 * 
8.09 * 0.669 12.07 * 0. 751 ns 0.669 ns 
12.12 * 0. 752 35.82 ** 0.900 14.82 * 0.908 31.64 ** 
Sig =significance level of equations; *P<0.05; **P<0.01; ***P<0.001 
Nut. nutrient 
EiJ relative root performance in mixture 
RiJ relative root performance in monoculture 
F = F ratio 
R2 = coefficient of variation 
# = no shoot/root (S/R) terms were significant at P<0.05 
Rg 
0. 781 
0.880 
0.843 
0.980 
0.940 
0.811 
0.955 
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second (log) model was the most successful at all nutrient 
levels above 1/16x (Table 5). All equations for this model 
were significant except at the 4x level, and generally 
explained >79% of the variance. In contrast to the forbs 
results, the live plant EiJ for the grasses could also be 
predicted from the shoot RiJ at all nutrient levels except 
1/4x (Table 5). The first model explained a greater proportion 
of the variance between 1/16x to 1/2x nutrient levels, and the 
second model between 1x to 16x. Where the equations were 
significant (all except 1/4x), R2 values were generally ~0.84. 
The prediction of live plant EiJ was generally more successful 
using root RiJ at low to intermediate nutrient levels, and 
using shoot RiJ at high nutrient levels. 
DISCUSSION 
The Performance of Native and Introduced Grass Species 
The results clearly indicate that there are major 
differences in the individual species responses to levels of 
nitrogen and phosphorus, and that these responses are 
different in monoculture and mixture (Figures 1 to 8). In 
addition, the results show that the native species and the 
introduced species have very different responses to nutrient 
levels and to interspecific competition. This was also noted 
in the first paper of this series which used four introduced 
and two native forb species (Mallen-Cooper, Chapter 6 of this 
thesis). 
Early experimental work carried out in Kosciusko National 
Park to determine the suitability of several native species 
for use in the revegetation programmes showed that, unlike 
most of the native species, native Poa spp. were responsive to 
phosphorus fertilisation and particularly to a combination of 
phosphorus and nitrogen (Raeder-Roitzsch & Phillips, 1958; 
Good, 1976). However, they were also noted to have a poor 
colonising ability (Costin & Wimbush, 1963). In field 
conditions, native Poa spp. seedlings were persistent once 
they established, but they were very slow-growing and were 
susceptible to frost heave in their early growth stages. Thus 
TABLE 5. The prediction of relative live plant perfonnance in mixture 
from relative root perfonnance in monoculture and from relative 
shoot perfonnance in monoculture at each nutrient level. 
NUT. EiJ aJ + bRiJ loge EiJ = aJ + EiJ aJ + bRiJ loge EiJ = aJ + 
LEVEL (root) bRiJ (shoot) bRiJ 
(root) (shoot) 
F Sig Rg F Sig Rg F Sig Rg F Sig Rg 
1/16x 10.09 * 0.716 8.02 * 0.667 21. 05 * 0.840 9.42 * 0. 702 
1/4x 8.87 * 0.689 20.92 * 0.840 ns 0. 582 ns 0.529 
1/2x 17.14 * 0.811 52.87 ** 0.930 55. 51 ** 0.933 14.48 * 0.784 
1x 12.19 * 0.753 66.65 ** 0.943 16. 35 * 0.803 48.25 ** 0.923 
2x ns 0.408 15. 32 * 0.793 ns 0.597 28.74 ** 0.878 
4x ns 0.250 ns 0.614 ns 0.597 23. 14 ** 0.853 
16x ns 0.458 18. 04 * 0.819 11. 39 * 0. 740 69.16 ** 0.945 
Sig significance level of equations; *P<O. 05; **P<O. 01; ***P<O. 001 
Nut. nutrient 
EiJ relative live plant performance in mixture 
RiJ relative root or shoot performance in monoculture 
F F ratio 
R2 coefficient of variation 
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although there was some (unquantified) response to fertiliser, 
the slow growth rate of the native Poa spp. made them 
unsuitable for use in revegetation programmes when grown from 
seed. 
The results from this experiment show that the native Poa 
spp. have a much smaller response (in terms of biomass 
production) to increasing levels of nitrogen and phosphorus 
than the introduced species. In addition, at the highest 
nutrient level the shoots of the native Poa spp. were killed 
whereas the shoots of the introduced species were only reduced 
in vigour, although they may also have died if the experiment 
had continued for a longer period. In multispecies mixture, 
the biomass of the native Poa species was reduced to very 
small amounts at all nutrient levels. These results therefore 
support the results of the early field trials, which indicated 
that the slow growth of the native Poa spp. made them 
uncompetitive when grown with the introduced species. 
The native Poa species also had a different allocation of 
material to shoots and roots than the introduced species, 
apparent in both monoculture and mixture. In monoculture, the 
S/R ratios of Poa costiniana and Poa fawcettiae were 
considerably higher than the S/R ratios of all the introduced 
species, until the death of the native Poa spp. shoots at 16x 
due to nutrient toxicity (Figure 2). In mixture, the S/R 
ratios of the native species were highly variable, often 
alternating between high and low values at successive nutrient 
levels. In contrast, the introduced species in mixture had 
relatively clear patterns of increasing S/R ratios with 
increasing nutrient level. 
High S/R ratios have been attributed to increased 
competition for light (Bleasdale, 1966; Bourdot et al., 1984; 
Wilson, 1988). At all nutrient levels, the introduced grasses 
grew considerably taller and denser than the native grasses, 
typically two to three times taller above the 1/16x nutrient 
level. Thus it is not unexpected that in mixture a greater 
allocation to shoots would be a more successful strategy for 
all species than the corresponding allocation to roots, where 
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nutrients are not severely limiting. The fluctuations in S/R 
ratios of the native species may have been related to their 
planting positions. Where the Poa species were adjacent to two 
large plants, particularly Agrostis capillaris, their 
performance was substantially reduced. 
In monoculture, it is difficult to see why the S/R ratios 
were so high for the native Poa species, especially at low 
nutrient levels. The fine, open structure of the native Poa 
tussocks does not appear to limit light penetration to any 
great extent. The small root biomass produced at low nutrient 
levels is also different from the observed growth of Poa 
tussocks in the field, which generally have very extensive 
root systems of fine roots. Although fine roots are 
likely to be light in weight, they did not appear to have 
developed in the experimental plants. This may have been a 
result of different growth responses in sand compared with 
soil, although the field soils are extremely permeable 
(Mallen-Cooper, unpub. data). The development of a fine root 
mass may also take longer to develop than the 12.5 weeks 
available in this experiment. 
The high S/R ratios of the native species may also 
reflect the need of some high altitude plants to assimilate as 
much material as possible in favourable growing conditions. 
This would be enhanced by greater shoot production if 
nutrients and water were not critically limiting. In terms of 
carbon gain, efficient utilisation of the growing season 
depends on both the speed and extent of leaf area development, 
and the maximum attainable leaf area per total plant dry 
weight (Korner & Renhardt, 1987). The first would be enhanced 
by reserve pools of nutrients stored in below-ground plant 
parts in the previous season, but the second can only be 
achieved when carbon partitioning to roots is minimised. 
Although there is obviously a minimum root storage required to 
maintain the plant in non-growth periods, investments of 
carbon in leaf tissue rather than below-ground reserves could 
therefore lead to greater biomass than the strategy of below-
ground storage (providing that nutrients were available for 
shoot growth). This would certainly be the case in the current 
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experiment at intermediate and high nutrient levels, where the 
S/R ratios were highest. Korner & Renhardt (1987) found that 
high below-ground biomass was not an essential attribute of 
plant existence at high altitudes, and that the allocation to 
above and below ground parts varied from species to species. 
The most important factor in seedling establishment at 
high altitudes in Kosciusko National Park is probably the 
ability to withstand frost heave rather than low winter 
temperatures per se. Rapid early growth and a rhizomatous 
habit have been suggested as successful strategies to survive 
frost heave (Costin & Wimbush, 1963; O'Connor & Lambrechtson, 
1967). The most successful species in this experiment, 
Agrostis capillaris, has both these attributes. Agrostis 
capillaris was the only species able to produce a greater 
biomass in mixture than in monoculture at all nutrient levels 
(Figure 1). Although Poa pratensis is also a relatively fast-
growing and rhizomatous species, it has a different growth 
form from Agrostis capillaris. Poa pratensis, and all the 
other species tested in this experiment, produced very long 
leaves from ground level which were held approximately 
vertically. In contrast, Agrostis capillaris had a more 
branching habit, comprised of many elongated stems with 
relatively short leaves. These leaves were held at an angle 
from the stems, sometimes at angles close to horizontal. This 
would give Agrostis capillaris a considerable advantage in 
capturing light in multispecies mixtures. In the field, 
Agrostis capillaris is very adaptable in growth form, ranging 
from tall and erect in dense swards to horizontal and 
prostrate in open and exposed sites. It has probably been the 
most persistent and successful introduced grass species in 
ruderal and revegetated sites in the alpine and subalpine 
regions of Kosciusko National Park (Vickery, 1964; Mallen, 
1983). 
A comparison of the biomass produced from commercially 
supplied and field collected seed of Agrostis capillaris 
showed that the two sources had broadly similar responses to 
the concentrations of nitrogen and phosphorus, intraspecific 
and interspecific competition, and in the allocation of 
310 
material to shoot and root biomass (Figures 1 to 8). However, 
Agrostis capillaris F generally had a slightly higher 
performance than Agrostis capillaris C. Agrostis capillaris F 
has probably been established at the field site for a number 
of years. It is unlikely that major genetic differences would 
occur in this time that would enable a more efficient capture 
and usage of nutrients, but the relatively severe and 
unpredictable physical conditions at the site may have ensured 
that only the most successful individuals survived. If the 
experimental results are valid in indicating that field seed 
is more successful than commercial seed, then it follows that 
individuals and populations of Dactylis glomerata and Poa 
pratensis established in the field are likely to be more 
competitive than indicated by these results. 
If the mean weights per plant were summed for all species 
at each nutrient level, the values obtained for mixtures were 
consistently higher than those obtained for monocultures. This 
was due largely to the greatly increased growth of Agrostis 
capillaris F and C, which more than compensated for the 
reduced growth of the remaining species. However, unlike the 
results for native and introduced forbs described in the first 
paper of this series, the mean weights per plant summed for 
all species at each nutrient level were always less than the 
equivalent weight of six plants of the highest yielding 
monoculture. This is the most common result obtained when 
comparing monoculture and mixture yields (Trenbath, 1974). 
Overyielding (see discussion in Mallen-Cooper, Chapter 6 of 
this thesis) was probably not possible in this species mixture 
because the plants were all of the same general growth form, 
and had roots which occupied the full volume of sand. 
Implications for Reveqetation Procedures 
The results from this experiment have a number of 
implications for revegetation procedures, although it must be 
remembered that many factors other than nitrogen and 
phosphorus concentration contribute to the success or failure 
of a species to germinate and persist at a particular site. 
The influence of germination time, seasonal growth patterns, 
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reproductive success, other environmental parameters, plant 
density and time are discussed in the first paper of this 
series (Mallen-Cooper, chapter 6 of this thesis). In terms of 
reproductive success, Dactylis glomerata was the only species 
in this experiment which began to flower after 12 weeks, and 
then only in monoculture at high nutrient levels (2x and 4x). 
In revegetation programmes, the addition of seed of 
native Poa spp. to that of the seed of traditionally used 
pasture grasses and clovers is unlikely to lead to the 
successful establishment of Poa spp. In this experiment Poa 
costiniana and Poa fawcettiae were generally the least 
competitive species at all nutrient levels in multispecies 
mixture. Assuming that the experimental results are applicable 
at least in general terms to field conditions, it is also 
unlikely that native Poa spp. will become dominant in 
revegetated sites as fertility levels decline unless the total 
vegetation cover is sparse. Although Dactylis glomerata had a 
very reduced biomass at low nutrient levels in multispecies 
mixtures (similar to the native Poa species - see Figure 6), 
Agrostis capillaris and Poa pratensis were still able to 
produce much greater shoot and root yields than the native 
species at low nutrient levels. 
The dispersal of Poa spp. seed from adjacent natural 
areas to revegetated sites is likely to be even less 
successful than its germination from sown seed, as late 
germinating plants are generally at a competitive disadvantage 
compared with earlier germinated plants (Harper, 1961; Ross & 
Harper, 1972; Pemadasa & Amarasinghe; Fowler, 1984). However, 
the converse is probably also true. Established plants of Poa 
spp. can produce a very dense cover in relatively undisturbed 
conditions, which appears to be effective in limiting the 
invasion by later-arriving species. A study in which seeds of 
three exotic forb species (Rumex acetosella, Rumex crispus and 
Verbascum virgatum) were sown in an undisturbed alpine 
grassland (comprising 100% Poa species cover) showed that no 
germination could occur over a five year period, even with the 
addition of nitrogen and phosphorus at 250 kg/ha (Mallen-
Cooper, Chapter 5 of this thesis). Where the cover of the 
native Poa species was removed, seed of all species was able 
to germinate. Thus the failure of the introduced species to 
germinate in the undisturbed Poa sward is likely to be a 
result of competitive exclusion rather than adverse physical 
conditions. 
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The experimental results also suggest that the removal of 
Dactylis glomerata from the seed mixes used for revegetation 
may be of less value than the removal of Agrostis capillaris 
and/or Poa pratensis, in terms of ability to compete with 
native species. At the lowest nutrient level, Dactylis 
glomerata produced less live plant biomass than the two native 
Poa species, while Aqrostis capillaris and Poa pratensis 
produced approximately 7x and Sx more live plant biomass 
respectively. 
Predictions of Species Performance in Mixture from Monoculture 
Performance 
The standardisations of plant performance in mixtures and 
monocultures suggested by Austin (1982) enable useful 
predictions to be made, within the constraints of a 
substitutive design at a single planting density. As with the 
forb data (Mallen-Cooper, Chapter 6 of this thesis), the live 
plant normalised ecological performance (EiJ) values can be 
predicted successfully from the live plant relative 
physiological performance (RiJ) values. The addition of a S/R 
term was of little value in explaining the variance of the 
models that was not explained by the RiJ term alone. 
The results of the prediction of live plant EiJ from root 
RiJ and shoot RiJ suggest that there are two phases in the 
response curves for the six grass species in mixture. At low 
to intermediate nutrient levels (1/16x to 1x), it is the 
ability of each species to produce root biomass which 
contributes most significantly to its success in multispecies 
mixture. At these levels, competition for light appears to be 
less intense than competition for nutrients, and therefore 
root RiJ was most successful in predicting the outcome of 
competition (Table 5). At higher nutrient levels (2x to 16x), 
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where most of the plants were both tall and dense, the ability 
to produce shoot biomass appeared to be of greatest value. 
Here the competition for light was intense while nutrients 
were available in non-limiting quantities, and the outcome of 
competition was most successfully predicted from the shoot 
RiJ• 
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CHAPTER 8. 
COMPETITIVE RESPONSES OF SELECTED NATIVE AND INTRODUCED 
SPECIES FROM HIGH ALTITUDE AREAS OF SOUTH-EASTERN NEW SOUTH 
WALES, AUSTRALIA, ALONG A NITROGEN AND PHOSPHORUS GRADIENT. 
III. HERB SPECIES. 
ABSTRACT 
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Three introduced herb species (Achillea millefolium, 
Rumex acetosella and Verbascum virgatum), two late-
successional native herb species (Poa fawcettiae and Craspedia 
sp. F) and a native colonising herb species (Acaena sp. aff. 
anserinifolia) were grown in monoculture and multispecies 
mixture along a nitrogen and phosphorus gradient. All species 
are characteristic of sites with a low to moderate nutrient 
status in the high altitude areas of south-eastern New South 
Wales. 
The successional position of the native species did not 
appear to influence their competitive ability, with all three 
species producing low yields in both monoculture and mixture 
over most of the nutrient gradient. The severe environmental 
conditions associated with high altitude areas may have a 
greater influence than successional position on the growth 
rate and biomass production of the native species. 
Poa fawcettiae and Acaena sp. aff. anserinifolia 
generally had much higher shoot/root ratios than Craspedia 
sp.F and the introduced species. The lower shoot/root ratio of 
Craspedia sp.F compared with the other native species may 
relate to their seasonal growth patterns. While Poa fawcettiae 
and Acaena sp. retain live shoots under the winter snow cover, 
those of Craspedia sp.F die and new shoots are grown in spring 
from perennial rootstock. 
The introduced species had a high biomass production over 
at least part of the nutrient gradient, particularly Achillea 
millefolium and Rumex acetosella. Their dominance of the root 
environment enabled them to utilise a disproportionately large 
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amount of the available nutrient supply. Their dominance of 
the shoot environment, aided by rapid nutrient acquisition, 
enabled them to compete strongly for light and shade out the 
smaller native species. Although Achillea millefolium and 
Rumex acetosella were very successful in this mixture of 
species, they appear to be intolerant of shading by taller 
species as indicated by their field distribution and by the 
results of the earlier forb mixture described in the first 
paper of this series. 
As with the first two papers of the series, it was 
possible to predict relative performance in mixture from 
relative performance in monoculture. Root performance in 
monoculture was used successfully to predict live plant 
performance in mixture at most nutrient levels. Shoot 
performance in monoculture could be used to predict live plant 
performance in mixture only at high nutrient levels, where 
competition for light was most intense. 
INTRODUCTION 
This is the final paper in a series of three which aim to 
determine the responses of selected introduced and native 
species from alpine and subalpine regions of Kosciusko 
National Park, New South Wales, to differing levels of 
nitrogen and phosphorus. A comparison is made of these 
responses in monocultures and multispecies mixtures to 
determine the effects of interspecific competition on the 
shoot and root yields of the individual species. The method is 
based on the design of Austin (1982) and Austin et al. (1985). 
Background information on the experimental design, and 
competition experiments in general, is provided in the earlier 
papers (Mallen-Cooper, Chapters 6 & 7 of this thesis). 
The native species tested in the earlier papers of this 
series were representative of species which are commonly 
dominant or co-dominant (mid to late successional species) in 
the high altitude herbaceous communities. Two of these 
species, Poa fawcettiae (Smooth Blue Snow Grass) and Craspedia 
sp.F (Billy Button) were also used in this experiment. The 
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third native species used in this experiment was Acaena sp. 
aff. anserinifolia (Bidgee Widgee), a colonising (early 
successional) species whose seeds are dispersed efficiently in 
the fur and feathers of animals and in human clothing. 
In addition, three colonising introduced species were 
included in the current study. Achillea millefolium (Yarrow) 
and Verbascum virgatum (Twiggy Mullein) are representative of 
species which remain more or less confined to disturbed 
subalpine sites with low to moderate nutrient levels. Although 
Achillea millefolium is a colonising species in ruderal 
habitats, it differs from Verbascum virgatum in being able to 
persist in areas which have a dense vegetation cover. Both 
Achillea millefolium and Verbascum virgatum were tested in the 
first paper of this series (Mallen-Cooper, Chapter 6 of this 
thesis). The third introduced species tested, Rumex acetosella 
(Sorrel), is probably the most widely naturalised species in 
subalpine and alpine areas of Kosciusko National Park. It is 
one of the very few introduced species which are common in 
relatively undisturbed vegetation at these altitudes, where it 
functions as a primary coloniser of bare ground, rocky areas 
and intertussock spaces in grassland and herbfield 
communities. It is typically found in low nutrient sites, and 
appears intolerant of shading by other species (Wimbush & 
Costin, 1979). 
Colonising species are generally assumed to have low 
competitive abilities compared with the later successional 
species which replace them (MacArthur & Wilson, 1967; Fenner, 
1978; Parrish & Bazzaz, 1982a). However, the lower 
competitiveness of the colonising species may not be apparent 
in the short-term, as they are often found to have high growth 
rates. This enables them to rapidly complete their life cycles 
(Grime & Hunt, 1975; Fenner, 1978). In the previous 
experiments, the native "climax" species produced much lower 
yields in both monoculture and multispecies mixture than all 
the introduced species tested (Mallen-Cooper, Chapters 6 & 7 
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of this thesis). Acaena sp. aff. anserinifolia was included in 
this experiment to see if the yield of a native colonising 
species would be different from the yields of either the 
native "climax" species or the colonising introduced species. 
This paper differs from the first two papers of this 
series in that it compares the yields of a combination of forb 
and grass species in multispecies mixture, and only uses 
species which are characteristic of sites with a low or 
moderate nutrient status. This situation probably most closely 
approximates the conditions that occur in natural areas and in 
untreated disturbed sites. Most undisturbed high altitude 
herbaceous communities consist of a high percentage cover of 
tussocks of Poa spp. (Snow Grasses), interspersed with other 
herbs and low shrubs which occur in the intertussock spaces. 
Therefore an open patch within the natural vegetation, if 
recolonised by seed rather than vegetative regrowth, would 
have seed available of Poa spp., intertussock species (such as 
Craspedia spp.), and colonising species dispersing to the 
site. The soils of these areas are generally low in nutrients 
(Costin, 1954; Bryant, 1972). 
This experiment also aims to determine whether or not the 
relative performance of the six herb species in multispecies 
mixtures can be predicted from their relative monoculture 
performance, and to see if the experimental results reflect 
the distribution and abundance of these species in the field. 
In this paper an introduced or exotic species refers to 
any species not native to the Kosciusko region. The term 
competition refers to the response of an individual plant or 
plant species to its total environment, as this is modified by 
the presence and/or growth of other individuals or species. As 
this is looking at any modifications resulting from plant 
interactions rather than strictly negative ones, it is more 
accurately termed interference (Harper, 1964). As most other 
studies use the term competition, it was used in this paper 
for convenient reference. 
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METHODS 
Species 
Two native forb species (Craspedia sp. F and Acaena sp. 
aff. anserinifolia), one native grass species (Poa fawcettiae) 
and three introduced forb species (Achillea millefolium, 
Verbascum virgatum and Rumex acetosella) were used in this 
experiment. Information on the location, date of collection 
and the growth habit of Craspedia sp.F, Poa fawcettiae, 
Achillea millefolium and Verbascum virgatum is given in the 
earlier papers of this series. Seed of Acaena sp. aff. 
anserinifolia was collected at Perisher Valley on 11 March 
1985, and needed to be soaked in water for 24 hours before 
planting to obtain a high percentage of germination. Seed of 
Rumex acetosella was collected at Guthega on 18 May 1985. As 
with all the other species tested, no special treatment was 
required prior to germination. Acaena sp. aff. anserinifolia 
is a procumbent perennial forb with erect flowering stems. 
Rumex acetosella is a dioecious perennial forb with 
underground rhizomes, and is native to the Northern 
Hemisphere. Species nomenclature follows Costin et al. (1979) 
and Thompson & Gray (1981). 
Seed was stored in open plastic bags in a cool, dark and 
dry environment until used in the experiment. Germination 
trials were carried out in October 1985 to determine the 
number of days required for the seeds of each species to 
germinate and develop one leaf. This was necessary to ensure 
that all seedlings could be planted at the same stage of 
growth. The seedlings were germinated in sand in an unheated 
glasshouse, and planted into pots on 9 and 10 November 1985. 
Nutrient Gradient and Glasshouse Procedure 
The nutrient gradient and glasshouse procedures are 
identical to those described in Mallen-Cooper (Chapter 6 of 
this thesis). In summary, the nutrient gradient consisted of 
seven different levels of nitrogen and phosphorus equivalent 
to 1/16, 1/4, 1/2, 1, 2, 4, and 16x the amount of nitrogen and 
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phosphorus in Arnon's 1938 nutrient formula (Hewitt, 1966, 
page 190). These nutrient levels will hereafter be referred to 
simply as 1/16x nutrient level etc. Nitrogen was supplied as 
NH4N03 and phosphorus as NaH2P04. The remaining nutrients in 
Arnon's solution were applied to all pots in the 
concentrations listed by Hewitt (1966, p190). 
Seedlings were planted into pots (18 cm in diameter and 
11 .5 cm deep) filled with washed river sand on top of a 2 cm 
layer of vermiculite. Six seedlings were planted per pot, 
either of the same species for monocultures or of six 
different species for the mixtures. Nutrient solutions were 
applied to the pots three times per week, using an amount 
which completely saturated the sand (100-200 mls). Plants were 
watered with tap water on the intervening days, again until 
the pots were saturated with water, to prevent an accumulation 
of unused nutrients. 
Plants were harvested 12 weeks after sowing, as the first 
species began to flower. Plant material was separated into 
live shoots, dead shoots and roots and was oven dried for 48 
hours at 8ooc. Monoculture weights were divided by 6 so that 
all analyses were made on a per plant basis. 
Experimental Design 
The experimental design is detailed in the first paper of 
this series. In summary, the experiment used a randomised 
block design, with 3 replicates at each nutrient level for 
each of the monocultures and for the 6-species mixtures. 
Analysis of variance techniques were used to test the 
treatment effects (block, nutrient level and species) and 
their interactions on the live shoot, root, live plant (live 
shoot + root) and total plant (live shoot + root + dead shoot) 
dry weights. 
To enable comparisons to be made between species 
performance in monoculture and mixture (other than a 
description of the response curves of dry weights per plant 
and shoot/root ratios along the nutrient gradient) the data 
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were standardised using the performance measures proposed by 
Austin (1982) and Austin et al. (1985). These are denoted the 
relative physiological performance (RiJ) for monocultures and 
the normalised ecological performance (EiJ) for mixtures. 
These involve dividing the mean yield per plant of a species i 
at a particular nutrient level J by the mean yield per plant 
of the highest yielding species at that nutrient level. This 
is done separately for monocultures and mixtures. Individual 
replicate values which were <50% or >250% of the mean value 
were omitted from these calculations at nutrient levels below 
4x. At nutrient levels of 4x and 16x dry weights were more 
variable as a direct result of nutrient toxicity rather than 
experimental error, so were retained in the analysis. 
Linear and multiple regression techniques were used in 
the prediction of species yields in mixture from their yields 
in monoculture, using the models suggested by Austin (1982) 
and Austin et al. (1985). All analyses were carried out using 
the GLM and REG procedures of the SAS statistical package (SAS 
Institute, 1988). For convenience, graphs of species responses 
versus nutrient levels have shown the nutrient gradient as an 
unscaled, ascending sequence. 
RESULTS 
Analysis of Variance 
There were highly significant differences in live shoot, 
root, live plant (live shoot + root) and total plant (live 
shoot + root + dead shoot) dry weights among nutrient levels 
and among species in both monoculture and mixture (Tables 1 & 
2). The highest total plant biomass summed for all species 
occurred at the 1x nutrient level in both monoculture and 
mixture, with values of 9.8 g and 12.6 g respectively. It was 
higher in mixture than in monoculture at all nutrient levels. 
The live shoot yield for all species was highest between 
nutrient levels of 1x and 4x, while root yield for all species 
was highest between the 1/4x and 1/2x nutrient levels. 
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TABLE 1. Analysis of variance for monocultures of six herb species in 
response to nutrient (nitrogen and phosphorus) concentration 
for the variables live shoot, root, live plant and total plant. 
LIVE SHOOT ROOT 
F Pr>F F Pr>F 
Block 3.41 .0378 12.34 .0001 
(2 df) 
Nutrient 59.94 .0001 13.70 .0001 
(6 df) 
Species 78.21 .0001 100.51 .0001 
(5 df) 
Nutrient x 6.61 .0001 2.93 .0001 
Species 
(30 df) 
LIVE PLANT TOTAL PLANT 
F Pr>F F Pr>F 
6.74 .0019 7. 15 . 0014 
47.46 .0001 42. 15 .0001 
108.1 4 .0001 93.90 .0001 
4.96 .0001 4.53 .0001 
KEY: F F ratio 
df = degrees of freedom 
ns = not significant 
(p>0.05) 
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TABLE 2. Analysis of variance for a split plot mixture experiment on six 
herb species in response to nutrient (nitrogen and phosphorus) 
concentration for the variables live shoot, root, live plant 
and total plant. 
Block 
(2 df) 
Nutrient 
(6 df) 
Species 
(5 df) 
Nutrient x 
Species 
(30 df) 
LIVE SHOOT 
F Pr>F 
ns 
6.84 .0024 
30.40 .0001 
2.80 .0004 
ROOT 
F Pr>F 
ns 
5.33 .0068 
36.96 .0001 
ns 
LIVE PLANT TOTAL PLANT 
F Pr>F F Pr>F 
ns ns 
5.23 .0073 6.07 .0040 
35.50 .0001 33.10 .0001 
2.43 .0021 2.33 .0031 
KEY: F F ratio 
df = degrees of freedom 
ns not significant 
(p>0.05) 
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If the mean total and live plant yields are summed for 
all nutrient levels for each species, Achillea millefolium was 
the highest yielding species in both monoculture and mixture. 
In monoculture, Achillea millefolium was followed in 
decreasing order by Rumex acetosella, Poa fawcettiae, 
Verbascum virgatum, Acaena sp. aff. anserinifolia (hereafter 
referred to simply as Acaena sp.) and Craspedia sp.F 
(hereafter referred to as Craspedia sp.). The sequence is the 
same for mixture, except that Poa fawcettiae and Verbascum 
virgatum are in reverse positions. In both monoculture and 
mixture, Achillea millefolium and Rumex acetosella had total 
plant yields that were two to three times higher than those of 
the remaining species. 
There was generally a highly significant interaction 
between nutrient level and species in both monoculture and 
mixture (Tables 1 & 2). Thus although the total plant biomass 
summed for all nutrient levels can be used to define a species 
order for the entire nutrient gradient, each species in fact 
has a highly individualistic response to the nutrient levels, 
and the order of the species yields varies with the position 
on the nutrient gradient. 
Live Plant Yield in Monoculture and Mixture 
The live plant yield of species was different in 
monocultures and mixtures, varying with species and with 
nutrient level (Figure 1). In monoculture, the live plant 
yields of all species generally increased to a maximum at 
intermediate nutrient levels, decreasing again at high 
nutrient levels. Achillea millefolium was the highest yielding 
species at all nutrient levels, followed by Rumex acetosella. 
The three native species and Verbascum virgatum were broadly 
similar in their response to nutrient level, and had maximum 
values close to 1 .0 g. Their response curves were not only 
lower than those of Achillea millefolium and Rumex acetosella, 
but were generally flatter in shape. 
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FIGURE 1. Live plant y:ields of individual herb species in monoculture 
( - • - ) and mixture ( • +. ) at each nutrient level. 
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In mixture, there was a clear distinction between the 
responses of the native species and those of the introduced 
species. The three native species had similar and low live 
plant yields in mixture, and their response curves were again 
flattened in shape. The yields of the native species were 
lower in mixture than in monoculture at all nutrient levels, 
with the peak live plant yields being approximately half of 
their equivalent monoculture yields. 
In contrast, the three introduced species had live plant 
yields which were considerably higher than their monoculture 
yields for at least part of the nutrient gradient. Achillea 
millefolium was again the highest yielding species in mixture 
at most nutrient levels. It had higher yields in mixture than 
monoculture at all nutrient levels, especially at intermediate 
and high levels. The peak yield for Achillea millefolium 
occurred at 4x in mixture compared with 2x in monoculture. 
Rumex acetosella also had higher yields in mixture than 
monoculture at all nutrient levels except 1x, and was the 
highest yielding species in mixture at 1/16x and 1/2x. The 
decrease in live plant yield of Rumex acetosella in mixture 
occurred at the same nutrient level as the peak in live plant 
yield of Verbascum virgatum (1x). The peak yield of Verbascum 
virgatum in mixture was four times greater than its peak yield 
in monoculture. At other nutrient levels, Verbascum virgatum 
generally had similar or lower yields in mixture than in 
monoculture. 
Shoot/root Ratios in Monoculture and Mixture 
Shoot/root ratios (hereafter denoted S/R ratios) in both 
monoculture and mixture were generally greater than 1 for all 
species at all nutrient levels above 1/16x (Figure 2). In 
monoculture, the species could be divided into two categories 
based on their S/R response curves. The first category 
comprised Poa fawcettiae and Acaena sp. These two native 
species had very high S/R ratios at all nutrient levels except 
16x, where nutrient toxicity greatly reduced their shoot 
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FIGURE 2. Shoot/root ratios of individua1 herb species in monoculture 
( - • - ) and mixture ( • +. ) at each nutrient level. 
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growth. The S/R ratios of both species increased rapidly 
between the 1/16x and 1x nutrient levels to maximum values of 
approximately 12.7, remaining at this ratio until shoot death 
occurred. 
The second category comprised Achillea millefolium, Rumex 
acetosella, Verbascum virgatum and Craspedia sp. These species 
had low to moderate S/R ratios over the entire nutrient 
gradient, with the ratios generally increasing with increasing 
nutrient level. At low and intermediate nutrient levels the 
two highest yielding species (Achillea millefolium and Rumex 
acetosella) had the lowest S/R ratios. 
Poa fawcettiae was the only species whose S/R ratios were 
consistently lower in mixture than in monoculture. Acaena sp. 
had very similar S/R ratios in monoculture and mixture, and 
therefore had the highest S/R ratios in mixture at all 
nutrient levels except 16x. The remaining species had S/R 
ratios which were higher in mixture than in monoculture for 
part of the nutrient gradient, generally at intermediate 
and/or high nutrient levels. The two highest yielding species, 
Achillea millefolium and Rumex acetosella, had the lowest S/R 
ratios in mixture below the 4x nutrient level. 
Relative Physiological Performance (Ri.j) for the Variables 
Live Plant, Live Shoot and Root. 
Standardising the monoculture yield data to values 
between 0 and 1, by dividing the yield of each species at a 
particular nutrient level by the yield of the highest yielding 
species at that level, led to some major changes in the 
response curves of the six herb species (Figures 3 to 5). 
Achillea millefolium had live plant RiJ values of 1 .0 at all 
nutrient levels, as it was the maximum yielding species in 
monoculture over the entire nutrient gradient. Rumex 
acetosella was also a high performing species in terms of live 
plant RiJ' with values greater than 0.65 at all nutrient 
levels, reaching a peak of 0.89 at 16x. Craspedia sp. was the 
second highest performing species at the lowest nutrient 
level, but then decreased rapidly in live plant RiJ with 
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FIGURE 3. Live plant relative physio1og:i.cal performance { RiJ) of 
:individual herb species at each nutrient level. 
A m == AchilJea milJefolium 
V v == Verbascum virgatum 
P f == Poa fawcettiae 
R a == Rumex acetosella 
Cra sp. == Craspedia sp. F 
Aca sp. == Acaena sp. aff. 
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FIGURE 4. Shoot relative physi.ological perfonnance (Ri.J) of individua1 
herb species at each nutrient level. 
A m = Achillea millefolium 
V v = Verbascum virgatum 
P f = Poa fawcettiae 
R a = Rumex acetosella 
era sp. = Craspedia sp. F 
Aca sp. = Acaena sp. aff. 
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FIGURE 5. Root relative physiolog:ical performance ( RiJ) of irrlividwl 
herb species at each nutrient level. 
A m = Achillea millefolium 
V v = Verbascum virgatum 
P f = Poa fawcettiae 
R a = Rumex acetosella 
era sp. = Craspedia sp. F 
Aca sp. = Acaena sp. aff. 
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increasing nutrient level. Poa fawcettiae had moderate RiJ 
values at all nutrient levels, whereas those of Verbascum 
virgatum and Acaena sp. decreased to almost zero at the 
highest nutrient level. These latter three species had 
variable live plant RiJ curves, with alternating high and low 
RiJ values at successive nutrient levels over most of the 
nutrient gradient. 
The trends described for live plant RiJ were very similar 
to those of shoot RiJ· The most noticeable difference was the 
higher performance of Craspedia sp., Poa fawcettiae, Verbascum 
virgatum and Acaena sp. at low nutrient levels in shoot RiJ 
(Figure 4). For shoot RiJi Poa fawcettiae replaced Achillea 
millefolium as the highest performing species at 1/16x, which 
was the only time a native species had the maximum performance 
value of 1 .0 for either RiJ or EiJ in all the experiments of 
this series. 
Achillea millefolium and Rumex acetosella were the 
highest performing species in terms of root RiJ (Figure 5), 
with Achillea millefolium having the maximum value of 1 .0 at 
all nutrient levels below 16x, where it was replaced by Rumex 
acetosella. The root performance of Rumex acetosella 
generally increased with increasing nutrient level, except for 
an anomalous value at 4x. Craspedia sp. and Verbascum virgatum 
generally decreased from moderate root performance values at 
low nutrient levels to low values at high nutrient levels. Poa 
fawcettiae and Acaena sp. had low and fluctuating root RiJ 
values over the whole nutrient gradient. 
Normalised Ecological Performance (EiJ) for the Variables Live 
Plant, Live Shoot and Root. 
The performance curves for live plant EiJ (Figure 6) were 
very different from the live plant RiJ curves (Figure 3). 
Rumex acetosella had higher live plant EiJ values than RiJ 
values at all nutrient levels except 1x and 16x, and 
particularly at low nutrient levels. Rumex acetosella replaced 
Achillea millefolium as the highest yielding species at the 
1/16x and 1/2x nutrient levels, although Achillea millefolium 
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individual herb species at each nutrient level. 
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FIGURE 7. Shoot normalised ecolog:ical performance (EiJ) of individual 
herb species at each nutrient level. 
A m = Achillea millefolium 
V v = Verbascum virgatum 
P f = Poa fawcettiae 
R a = Rumex acetosella 
Cra sp. = Craspedia sp. F 
Aca sp. = Acaena sp. aff. 
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herb species at each nutrient level_. 
A m = Achillea millefolium 
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still had live plant EiJ values >0.9 at these levels. 
Verbascum virgatum, which had only low to moderate live plant 
RiJ values, had a greatly increased performance in mixture at 
the 1/2x and 1x nutrient levels. However, its performance in 
mixture was reduced at most other nutrient levels. The three 
native species had similar live plant EiJ curves, generally 
with moderate performances at low nutrient levels decreasing 
to low performances at high nutrient levels. All live plant 
EiJ values for the native species were lower than their 
corresponding RiJ values. 
The trends for shoot EiJ (Figure 7) were virtually 
identical to those described for live plant EiJ• In contrast 
to the monoculture performance, the root EiJ curves (Figure 8) 
were also broadly similar to the live plant EiJ curves. The 
three native species had the lowest root EiJ values, and 
generally had decreasing performance with increasing nutrient 
level. The root EiJ values for the native species were 
generally lower than the corresponding root RiJ values. 
Achillea millefolium again dominated the root environment at 
most nutrient levels, being replaced by Rumex acetosella at 
the 1/2x and 16x nutrient levels. Rumex acetosella had high 
root EiJ values at all except the 1x nutrient level, where it 
decreased from values >0.85 to a value of 0.31. Verbascum 
virgatum was a low performing species at all nutrient levels 
except 1/2x and 1x, where it had a moderate performance. 
The Prediction of Relative Yield in Mixture from Monoculture 
Performance 
Two models proposed by Austin (1982) were used to predict 
the relative yield in mixture (EiJ) from the relative yield in 
monoculture (RiJ). These were 
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In this experiment the addition of a S/R term to both models, 
as proposed by Austin et al. (1985), hardly reduced the 
percentage of variance not already explained by the simpler 
models listed above. In addition, none of the S/R terms were 
significant at any nutrient level. Thus only the results from 
the first two models are described in this paper. 
The prediction of shoot EiJ from shoot RiJ was successful 
at intermediate to high nutrient levels (2x to 16x) using the 
first model (Table 3). At these nutrient levels, the equations 
were significant and had R2 values i0.90. Root EiJ could be 
predicted from root RiJ at most nutrient levels using both the 
models listed (Table 4). However, the first model (using non-
transformed values of EiJ) was generally the more successful 
of the two at all nutrient levels, with R2 values typically 
i0.85. 
Live plant EiJ was most successfully predicted from live 
plant RiJ using the first model, with significant equations 
obtained at all nutrient levels except 1/16x and 1x (Table 5). 
Live plant EiJ could also be predicted from root EiJ at all 
nutrient levels except 1/16x and 1x, and from shoot EiJ at 
nutrient levels greater than 1x (Table 6). The first model was 
again the most successful one for these predictions. At the 
high nutrient levels, the shoot RiJ and the root RiJ values 
were approximately equal in their prediction of live plant 
EiJ· 
DISCUSSION 
The results indicate that the biomass production of the 
colonising native species (Acaena sp.) was similar to the 
biomass production of the later successional or "climax" 
native species (Poa fawcettiae and Craspedia sp.). The biomass 
production of all three species was low in both monoculture 
and mixture (Figure 1). The similarity in shoot, root and live 
plant yields of the three native species was greatest in 
multispecies mixture. The largest difference in the biomass 
production of the three species was in their shoot production 
in monoculture, where Acaena sp. had a higher peak yield than 
TABLE 3. The prediction of relative shoot 
performance in mixture from relative 
shoot performance in monoculture 
at each nutrient level. 
NUT. EiJ = aJ + bRiJ 
LEVEL 
1/16x 
1/4x 
1/2x 
1x 
2x 
4x 
16x 
F F Sig Rl 
ns 0.002 ns 0.005 
ns 0.362 ns 0.302 
ns 0.520 ns 0.530 
ns 0.343 ns 0.307 
34.21 ** 0.895 ns 0.582 
36.99 ** 0.902 25.26 ** 0.863 
72.85 ** 0.948 ns 0.766 
Sig significance level of equations; 
*P<0.05; **P<0.01; ***P<0.001 
= nutrient 
relative shoot performance in mixture 
relative shoot performance in monoculture 
F ratio 
coefficient of variation 
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TABLE 4. The prediction of relative root 
performance in mixture from relative 
root performance in monoculture 
at each nutrient level. 
NUT. EiJ = aJ + bRiJ 
LEVEL 
F F Sig R£ 
1 I 1 6x 11 . 21 * 0.738 14.14 * 0.779 
1/4x 
1/2x 
1x 
2x 
4x 
16x 
28.93 ** 0.879 22.68 ** 0.850 
21 .89 ** 0.846 13.29 * 0.769 
8. 1 0 * 0.669 ns 0.636 
73.10 ** 0.948 9.02 * 0.693 
26.46 ** 0.869 13.71 * 0.774 
331 .29 *** 0.988 7. 91 * 0.664 
Sig significance level of equations; 
*P<0.05; **P<0.01; ***P<0.001 
= nutrient 
relative root performance in mixture 
relative root performance in monoculture 
= F ratio 
coefficient of variation 
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TABLE 5. The prediction of relative live plant 
performance in mixture from relative 
live plant performance in monoculture 
at each nutrient level. 
NUT. EiJ = aJ + bRiJ loge EiJ = aJ + 
LEVEL bRiJ 
F Sig Rl F Sig Rl 
1/16x ns 0.524 ns 0.588 
1/4x 15.67 * 0.797 9.99 * 0.714 
1/2x 8.72 * 0.686 7.83 * 0.662 
1x ns 0.389 ns 0.412 
2x 51 . 45 ** 0.928 ns 0.613 
4x 47.69 ** 0.922 24.42 ** 0.859 
16x 82.32 *** 0.954 ns 0.578 
Sig significance level of equations; 
*P<0.05; **P<0.01; ***P<0.001 
Nut. = nutrient 
EiJ = relative live plant performance in 
RiJ relative live plant performance in 
F = F ratio 
R2 
= coefficient of variation 
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mixture 
monoculture 
TABLE 6. The prediction of relative live plant performance in mixture 
from relative root performance in monoculture and from relative 
shoot performance in monoculture at each nutrient level. 
NUT. EiJ aJ + bRiJ loge EiJ = aJ + EiJ aJ + bRiJ loge EiJ = aJ + 
LEVEL (root) bRiJ (shoot) bRiJ r 
(root) (shoot) 
F Sig Rg F Sig Rg F Sig Rg F Sig Rg 
l/16x ns 0.560 ns 0.599 ns 0.023 ns 0.060 
l/4x 25.38 ** 0.864 17.03 * 0.810 ns 0.315 ns 0.239 
l/2x 15. 68 * 0.797 12.09 * 0. 751 ns 0.538 ns 0.532 
lx ns 0.498 ns 0.550 ns 0. 311 ns 0.321 
2x 55. 15 ** 0.932 ns 0.612 34.88 ** 0.897 ns 0.593 
4x 34.64 ** 0.896 11. 61 * 0. 744 35.12 ** 0.898 23.99 ** 0.857 
16x 21.70 ** 0.844 ns 0.537 85.55 *** 0.955 ns 0.574 
Sig significance level of equations; *P<O. 05; *''P<0.01; '!<'!<''P<O. 001 
Nut. nutrient 
EiJ relative live plant performance in mixture 
RiJ relative root or shoot performance in monoculture 
F F ratio 
R2 = coefficient of variation 
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Poa fawcettiae and Craspedia sp. The peak yield of Acaena sp. 
occurred at the 1x nutrient level, which is considerably 
higher than natural field soil fertility levels. These two 
factors may reflect a greater responsiveness of Acaena sp. to 
environmental conditions which are different from the range of 
conditions experienced in its original environment, a 
characteristic of colonising species (Safriel & Ritte, 1980; 
Brown & Marshall, 1981). However, the magnitude of the 
difference in peak yields was not large, and therefore it may 
simply be a result of experimental error. 
344 
A second difference in the biomass production of the 
three native species occurred in their root production in 
monoculture, where Craspedia sp. had a higher root yield than 
Poa fawcettiae and Acaena sp. This was particularly noticeable 
at low nutrient levels, and led to Craspedia sp. having much 
lower S/R ratios than Poa fawcettiae and Acaena sp. The 
difference in root biomass may be explained by the seasonal 
growth patterns of the three species. In high altitude areas, 
the leaves of Craspedia sp. generally die and decompose under 
the winter snow cover, with a new rosette of leaves forming in 
spring from the perennial rootstock. Thus for Craspedia sp., 
the allocation of resources to root biomass at low nutrient 
levels may be a more successful strategy than a corresponding 
allocation to shoots, as it is providing a a nutrient reserve 
for the following seasons growth. Both Poa fawcettiae and 
Acaena sp. retain their live shoots over winter, although 
these may be reduced in vigour. 
Acaena sp. had particularly high S/R ratios in both 
monoculture and mixture at all nutrient levels. This was more 
a result of low root biomass than high shoot biomass. The high 
S/R ratios of Acaena sp., which increased with increasing 
nutrient level to a maximum of 12.7 at the 1x nutrient level 
in monoculture and 13.1 at the 2x nutrient level in mixture 
(Figure 2), contrasts with the findings of Parrish & Bazzaz 
(1982b). They found that early and some mid-successional 
species showed no change in the amount of biomass allocated to 
roots with increasing nutrient level. 
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In the high altitude areas of Kosciusko National Park, 
the greatest hazard for establishing seedlings is probably 
frost heave (Costin & Wimbush, 1963). Since Acaena sp. has a 
spreading, procumbent growth habit, the allocation of material 
to shoots rather than roots (even at low nutrient levels) 
would be an advantage if these shoots provided an adequate 
cover of the ground surface and prevented the formation of 
needle ice. Poa fawcettiae also had high S/R ratios at all 
nutrient levels (Figure 2); but its upright, tufted growth 
form would be less effective in covering the ground surface 
and protecting the plant from frost heave. This would only be 
possible in larger plants, especially where litter had 
accumulated at the base of the tussocks. In the field, 
seedlings of Poa fawcettiae are rarely able to establish in 
open spaces without the protection of associated species 
(Costin & Wimbush, 1963). Thus the high S/R ratios of Poa 
fawcettiae seedlings may be disadvantageous in the field 
unless their establishment follows colonisation by early 
successional species. Otherwise the erect growth habit and the 
small root biomass would make Poa fawcettiae seedlings more 
susceptible to frost heave. 
Grime & Hunt (1975) and Fenner (1978) suggested that both 
colonising and late successional species may have high growth 
rates. A high growth rate for competitive species was thought 
to facilitate their efficient capture of resources such as 
light and nutrients. For colonising species, a high growth 
rate was thought to enable the rapid completion of the plant 
life cycle, and was particularly evident in annual species. In 
this experiment, neither Acaena sp. nor the two late 
successional native species had high growth rates. Although 
the survival of Acaena sp. is partly dependent on the 
production of seeds and their dispersal to new areas, it is a 
perennial species and can therefore persist in relatively open 
sites for a number of years. Very few high altitude plants are 
annuals, as seed production is opportunistic and may be 
limited to favourable years (Brown et al., 1978). 
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The low performance of all the native species may be the 
result of environmental stress. Grime & Hunt (1975) and Grime 
(1977) suggest that it is the species growing in habitats 
subject to environmental stress that have low growth rates, 
especially where nutrient levels are low. Such species adopt a 
conservative strategy, making only small demands on their 
immediate resources. Surviving the severe environmental 
conditions of high altitude areas may therefore have more 
influence on the biomass production of native species than 
their successional position. 
In contrast to the native species, the introduced species 
generally had a high biomass production over at least part of 
the nutrient gradient (Figure 1). Achillea millefolium and 
Rumex acetosella had particularly high shoot and root yields 
compared with all other species over most of the nutrient 
gradient in both monoculture and mixture. At all nutrient 
levels, the dominance of the root environment by the 
introduced species enabled them to utilise a 
disproportionately large amount of the available nutrient 
supply. The greater uptake of the nutrients by the roots then 
enables greater shoot development, which in turn makes them 
more competitive for light. At intermediate and high nutrient 
levels, where competition for space and light was intense, 
Achillea millefolium and Rumex acetosella produced a tall, 
dense cover of leaves and effectively reduced the light 
available for the remaining species. 
The success of Rumex acetosella at both high and low 
nutrient levels in this experiment (Figures 1, 3 and 6) is not 
reflected in its field distribution. In the field, Rumex 
acetosella is generally limited to open areas with low soil 
fertility (Wimbush & Costin, 1979). In sites with higher 
fertility (generally from externally supplied nutrients), 
plant cover is frequently taller and denser, and Rumex 
acetosella is shaded out. The intolerance of Rumex acetosella 
to shading by taller species (Wimbush & Costin, 1979) was not 
able to be observed in the multispecies mixture of this 
experiment, because it was one of the tallest species grown. 
Other competition experiments have shown a decrease in cover 
of Rumex acetosella with increasing soil fertility, and have 
found this to be associated with changing vegetation height 
(Fowler, 1982; Tilman, 1987). 
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Although Achillea millefolium was generally equally 
successful or more successful than Rumex acetosella at all 
nutrient levels in terms of shoot and root biomass production, 
it has only a limited distribution away from disturbed sites. 
Rumex acetosella may be favoured in relatively undisturbed 
areas in the field because of its tolerance of soil acidity 
(Harris, 1970). All the alpine and subalpine soils of 
Kosciusko National Park are strongly acidic throughout the 
profile (Costin, 1954; Bryant, 1972). 
If it is a response to the severe environmental 
conditions which prevents rapid biomass production in the 
native species, it is interesting to question why this would 
not apply equally to the introduced species growing at high 
altitudes. The introduced species used in this experiment had 
rapid growth rates, particularly Achillea millefolium and 
Rumex acetosella. One possible explanation is the wider 
environmental tolerance of the introduced species, indicated 
by their extensive distributional range from sea level to high 
altitudes in south-eastern New South Wales (cf Smith, 1981). 
The introduced species also show greater phenotypic 
plasticity, especially in leaf size and shape and in plant 
height. The ability to elevate photosynthetic tissue on taller 
plants when competition for light is intense (as in all 
nutrient levels above 1/4x in this experiment) is likely to be 
an advantage. The native species did not seem able to 
significantly increase their leaf size and height in response 
to light competition, partly as a result of their small root 
biomass. A rapid build-up of a large shoot biomass depends on 
high rates of uptake of water and nutrients, and thus the 
below-ground competitiveness of species is important (Mahmoud 
& Grime, 1976). However, in undisturbed high altitude 
environments, native species in herbaceous communities often 
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do not have to compete strongly for light. Elevated leaf 
canopies may also be a disadvantage in exposed areas, as it 
makes the plants more susceptible to damage from wind and ice 
and from desiccation (Brown et al., 1978). 
In addition, several of the introduced species tested in 
this series of experiments (e.g Rumex crispus, Dactylis 
glomerata, Poa pratensis and Achillea millefolium) occur 
naturally in areas of higher fertility than the alpine and 
subalpine regions of Kosciusko National Park. Mahmoud & Grime 
(1976) found that species from naturally fertile environments 
were able to compete more strongly for nitrogen, even in 
highly nitrogen-deficient environments, than species from low 
fertility environments. This may not be a successful strategy 
in the long term, perhaps partly as a result of inflexibly 
high respiration rates (Grime & Hunt, 1975). In high altitude, 
low fertility areas, the ability to tolerate low resource 
availability may be more important than the ability to acquire 
a large share of the limited resources (Goldberg & Fleetwood, 
1987). Finally, many factors other than the availability of 
nitrogen and phosphorus affect the distribution and 
competitive success of species in field conditions (see the 
discussion in the first paper of this series). 
The yield of Achillea millefolium in the multispecies 
mixture of this experiment was considerably higher than its 
yield in the forb multispecies mixture, which was described in 
the first paper of this series (Mallen-Cooper, Chapter 6 of 
this thesis). In the current herb mixture, at nutrient levels 
above 1/16x the shoot yields of Achillea millefolium were 1.5 
to 3.5 times higher than the corresponding yields in the forb 
mixture. The root yields of Achillea millefolium in the herb 
mixture were also higher at all nutrient levels above 1/16x 
than its root yields in the forb mixture, and they were 
sustained at a high level over a much wider range of nutrient 
levels. In the forb mixture, the shoot yields of Achillea 
millefolium were suppressed by the higher yields of 
Hypochoeris radicata (especially at low and intermediate 
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nutrient levels) and Rumex crispus (especially at intermediate 
and high nutrient levels). The root yield of Achillea 
millefolium in forb mixture was suppressed at all nutrient 
levels by the massive root growth of Rumex crispus. 
Since Achillea millefolium was overtopped by both 
Hypochoeris radicata and Rumex crispus in the forb mixture, 
but was one of the tallest species in the herb mixture, it 
appears that it is affected adversely by shading as suggested 
in the discussion of the first paper of this series. It also 
appears likely that Rumex acetosella would have had a reduced 
biomass if it had been grown with taller species, as surmised 
by its field distribution. Verbascum virgatum grew poorly in 
the forb mixture at all nutrient levels. However, in the 
shorter herb mixture Verbascum virgatum was able to reach a 
pronounced peak in yield at low to intermediate nutrient 
levels, and this peak was close to the maximum yield at those 
levels. Verbascum virgatum in the field has a very flat 
rosette of basal leaves and is generally found in open sites. 
Where Verbascum virgatum was severely shaded in these 
experiments, the plants did not survive. The two native 
species Poa fawcettiae and Craspedia sp. also performed more 
successfully in the shorter herb mixture than in the grass 
mixture and forb mixture respectively. However, their 
performance in all experiments was low. 
As with the first two papers of this series, it was 
possible to predict relative performance in mixture from 
relative monoculture performance. Similar to the results of 
the forb species (Mallen-Cooper, Chapter 6 of this thesis), 
root performance in monoculture gave a good prediction of both 
root performance in mixture and of live plant performance in 
mixture. Shoot performance in mixture and live plant 
performance in mixture could only be predicted from shoot 
performance in monoculture at high nutrient levels, where the 
dominance of the highest-yielding species was most evident. It 
appears that at low nutrient levels, root competition is of 
350 
primary importance in determining the performance of each 
species in multispecies mixture. At high nutrient levels, the 
height and density of the shoot canopy in conjunction with 
root development appears to determine the species performance. 
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CHAPTER 9. 
SUMMARY AND FUTURE RESEARCH 
Introduced plants are well-established in.Kosciusko 
National Park (KNP), with approximately 210 species 
currently recorded from field surveys and herbarium 
collections. The majority of these species remain more or 
less confined to disturbed and semi-disturbed sites, such 
as road and track verges, ski slopes, dam foreshores, 
river banks and amenity areas. Relatively undisturbed 
native vegetation appears to become more susceptible to 
invasion by introduced species at lower (generally 
montane) altitudes, and where the ground layer of 
vegetation has an open structure. Thus in the current 
study the montane forests dominated by Eucalyptus 
dalrympleana / E. pauciflora ssp. pauciflora and ~ 
radiata I E. viminalis, which have a discontinuous tree 
canopy and an understorey of scattered herbs and low 
shrubs, were more susceptible to introduced species 
invasion than the tall montane forests dominated by ~ 
delegatensis and all the subalpine and alpine plant 
communities. The latter plant communities typically have 
a dense vegetation cover of either herbs or shrubs close 
to the ground surface. 
At high altitudes in particular, few introduced 
species are able to establish successfully in relatively 
undisturbed vegetation. Although the severe environmental 
conditions do not appear to prevent the germination of 
introduced species seed (at least where space is 
available for plant colonisation), they do appear to 
prevent the seedlings of many species from reaching 
reproductive maturity and from surviving over winter. Low 
temperatures during the growing season contribute to a 
slow growth rate of introduced (and native) species 
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seedlings. As a result, the seedlings are unlikely to 
reach reproductive maturity in a single (short) growing 
season and are highly susceptible to the effects of 
frost, heavy rain and snow. 
While many exotic species fail to establish at a 
given site (where the conditions are unsuitable for their 
germination and/or growth), exotic species propagules are 
being continuously introduced or re-introduced to KNP. 
These propagules are introduced to KNP by natural 
dispersal processes, attached to vehicles and their 
occupants, as components of seed mixes used for 
revegetation purposes, and as contaminants in 
construction materials. A small proportion of these 
introduced species, perhaps only 5% as suggested by 
Groves (1986), are likely to become naturalised in the 
Park. Recent successfully establishing species in the 
central region of KNP include Dipsacus fullonum, Silybum 
marianum, Trifolium incarnatum, Vicia villosa and 
Verbascum blattaria. These species were all apparently 
introduced in road construction or revegetation 
materials. They are currently confined to small areas in 
KNP, but their success in areas outside the Park suggests 
that they have the potential to substantially increase 
their distributional range. 
It appears that many of the introduced herbs which 
are widely distributed in KNP are able to grow more 
rapidly than either early or late successional native 
herbs. The introduced herbs used in the experiments 
described in chapters 6, 7 & 8 of this thesis (Agrostis 
capillaris, Dactylis glomerata, Poa pratensis, Rumex 
crispus, Hypochoeris radicata, Achillea millefolium, 
Rumex acetosella and Verbascum virgatum), generally 
produced more shoot and root biomass over a three month 
period than all the native herbs (Poa costiniana, Poa 
fawcettiae, Craspedia sp. F, Celmisia sp. and Acaena sp. 
aff. anserinifolia). This was true for the introduced 
species grown in both monocultures and multispecies 
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mixtures at all levels of nutrient application. Where 
nutrients were in limited supply, the introduced species 
produced greater root biomass for nutrient absorption, 
which in turn allowed a greater shoot development. Where 
nutrients were present in apparently non-limiting 
amounts, the introduced species generally produced 
considerably more shoot biomass than the native species, 
and after 12 weeks had completely shaded the native 
species~ The only introduced species which was not 
successful in producing a high shoot biomass was 
Verbascum virgatum, whose rosette form was rapidly 
overtopped by the remaining introduced species which had 
more erect growth forms. 
The most successful introduced species tested in 
terms of biomass production at all nutrient levels was 
Agrostis capillaris. Agrostis capillaris is used 
extensively in revegetation programmes in KNP, occurs 
frequently in plant communities adjacent to roadsides 
(although generally providing little cover) and is a 
major component of many road verge seedbanks. The rapid 
early growth of Agrostis capillaris is an advantage in 
terms of the stabilisation of bare soil surfaces 
(especially with the addition of fertiliser), but its 
success at low nutrient levels suggests that 
recolonisation of revegetated sites by native species may 
not be possible in sites of predominantly herbaceous 
vegetation without further management intervention. 
The addition of nutrients to native plant 
communities probably increases the likelihood of 
successful introduced species establishment, given the 
greater ability of many introduced species to utilise 
available nutrients. As nutrients often become available 
to plants after fire, the relationships between fire and 
the distribution and ecology of introduced species in KNP 
is an area of study which deserves greater attention. 
Fire frequency has increased in KNP with increasing 
visitor use and with the increased use of fire as a 
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management tool, and most plant communities have been 
affected by alterations in the fire regime. The 
disturbance caused by the fire itself (e.g. the provision 
of bare ground and the natural release of nutrients) and 
as a result of fire suppression activities (e.g. the use 
of chemical fire retardants and the making of access 
tracks and fire breaks) creates suitable conditions for 
introduced species establishment. In addition, introduced 
species propagules may be carried into previously 
undisturbed areas attached to vehicles used in the fire-
fighting operations. 
The experimental work carried out in this thesis 
focussed on herbaceous introduced species, which comprise 
approximately 89% of the introduced species diversity in 
KNP. Although the woody introduced species are frequently 
more conspicuous than the herbaceous species as a result 
of their larger size (and many of the species have a 
deciduous habit), they have a patchy distribution in KNP 
and were only occasional components of the systematic 
roadside surveys (Chapters 2 & 3). Many of the woody 
plants originated from soil stabilisation and amenity 
plantings (e.g. willows, poplars, pines, birches, 
alders), while others probably initially dispersed to the 
Park from surrounding rural land (e.g. blackberries, 
sweetbriars). The dispersal of the latter species is 
facilitated by the palatability of their fruit to many 
birds and mammals. Although woody species are only a 
small component of the introduced flora of KNP, they 
frequently have more significant impacts on the native 
plant communities and natural ecosystem processes than 
the introduced herbaceous species. A separate study of 
the distribution, rate of spread and ecology of woody 
introduced species in KNP would be very useful. 
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CONCLUSIONS AND MANAGEMENT IMPLICATIONS 
The high altitude environments of KNP have been 
subject to many forms of disturbance in the last 150 
years, including livestock grazing; the construction, 
maintenance and upgrading of hydro-electric and visitor 
facilities; a diverse range of recreational activities 
and both natural and human-induced fire. One of the 
consequences of these disturbances has been an increase 
in the diversity and abundance of introduced plants, 
particularly in the last 30-40 years. 
Similar to the findings of Forcella and Harvey 
(1983) and Wester and Juvik (1983), the research 
undertaken for this thesis supports the generalisation 
that the diversity and abundance of introduced species in 
relatively undisturbed vegetation decreases with 
increasing altitude. At intermediate and high altitudes 
in KNP, the more severe environmental conditions and/or 
the relatively complete cover of native species in many 
of the plant communities were effective in limiting the 
colonisation and establishment of introduced species from 
both above ground propagule dispersal and from soil seed 
reserves. Where seeds of selected introduced species were 
able to germinate in disturbed or open habitats at high 
altitudes, the seedlings experienced very high mortality 
during the summer growing season and over winter. 
The current research also provides support for the 
hypothesis that disturbance predisposes natural areas to 
introduced species invasions. This has been noted for a 
range of habitats throughout the world (e.g. Clements, 
1983; McDonald & Jarman, 1984; Fox & Fox, 1986; Hobbs and 
Atkins, 1988; Usher, 1988; Benson and Howell, 1990). The 
success of introduced species in KNP was enhanced by the 
damage or removal of existing vegetation and by the 
addition of nutrients. For example, in the experiments 
described in Chapters 6-8 of this thesis, native herbs 
were generally much lower yielding and had a much smaller 
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response to increasing nutrient levels than the 
introduced herbs. The rapid production of biomass by the 
introduced herbs enabled them to overtop the native herbs 
when grown in multispecies mixtures at all except the 
lowest nutrient level. Nutrient addition also generally 
enhanced the germination of Rumex acetosella, Rumex 
crispus and Verbascum virgatum in dense grassland, snow 
patch and feldmark vegetation within the alpine zone, 
particularly in association with physical disturbance of 
the existing vegetation. 
Visitors to KNP and the facilities and services 
provided for their use (including access roads and 
carparks) also contribute to the dispersal and 
establishment of introduced species. MacDonald et al. 
(1989) similarly noted a positive correlation between 
visitor numbers and the number of introduced species in 
reserves in North America and southern Africa. The verges 
of the major access roads in central KNP had a high cover 
of introduced species at all altitudes, although the 
number of species contributing to this cover decreased 
with increasing altitude. Introduced species cover was 
considerably less along the infrequently-travelled 
sections of the unsealed minor roads and fire trails. 
Since the number of people visiting KNP is high and 
increasing (currently more than two million visitors per 
annum; New South Wales National Parks and Wildlife 
Service, 1988), the number of introduced species 
occurring in KNP is also likely to increase in the 
future. The undesirable impacts of introduced species on 
native plant and animal communities and on natural 
ecosystem processes is therefore also likely to increase 
over time unless there is a greater commitment of 
resources to their identification and control (see 
below). 
Monitoring the distribution and abundance of 
introduced species along an altitudinal gradient, using 
the data collected in this thesis as a baseline, may 
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additionally be used to provide evidence of climate 
change. For example, if global warming occurred and led 
to the amelioration of conditions in the alpine zone, it 
is likely that the diversity and abundance of introduced 
species would increase in these areas. 
The high altitude areas of Australia have a high 
scientific and conservation significance (New South Wales 
National Parks & Wildlife Service, 1988; Good, 1989), 
partly as a result of their restricted distribution on 
the Australian continent. It is therefore highly 
desirable (and is in fact a statutory responsibility of 
the relevant land management agencies) that introduced 
species are controlled and where possible eradicated in 
these areas. However, this is an expensive and labour-
intensive activity, and needs to be carried out over a 
number of years to ensure that both the existing plants 
and the seed reserves are removed. Relatively little has 
been achieved in KNP to date, with a greater financial 
and political commitment being required from both 
government and individuals (cf Usher, 1988). 
In addition to shortages of money and staff, control 
options may be limited by the inaccessibility of some 
infestations (especially of those species dispersed along 
water courses, such as Rubus fruticosus spp. agg.), the 
safety and availability of biological control agents and 
the potentially deleterious effects of herbicides on the 
natural environment. Nonetheless, certain management 
practices can be implemented to minimise the future 
colonisation and spread of introduced species in KNP, and 
thus contribute to the protection of significant and 
sensitive plant and animal communities and other natural 
features. Management practices relevant to the research 
undertaken for this thesis are outlined below. 
(i) minimising disturbance and maintaining a relatively 
complete native vegetation cover are important factors in 
decreasing the susceptibility of native plant communities 
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to introduced species invasion in KNP, as in other 
natural areas (e.g. Wace, 1986). This includes minimising 
changes to the natural disturbance regimes, especially 
fire regimes. Minimising disturbance not only helps to 
limit the germination and establishment of newly arrived 
introduced species, but also restricts the germination of 
species already present in the soil seedbank. While 
management input in KNP is often focused on protection of 
the alpine and subalpine plant communities, the current 
research indicates that minimising disturbance is also 
very important in the montane forests and woodlands, 
particularly for the communities with an open canopy and 
an understorey of scattered herbs and/or shrubs. 
(ii} monitoring recently disturbed sites (e.g. building 
sites, road construction areas, new sections of walking 
tracks, ski slopes and maintained utility easements) for 
new introduced species is essential, as the eradication 
of a species is generally only possible while the species 
has a confined distribution. Teaching Park staff and 
visitors to recognise and record the distribution of 
particularly invasive species, both those already present 
in KNP and those found in surrounding areas which have 
not yet established in the Park is a crucial part of this 
process. 
(iii) the visitor activities and the facilities provided 
for visitor use may be managed to reduce the inadvertent 
transfer of introduced species propagules on vehicles and 
peoples clothing. For example, it may be possible to 
locate high usage areas such as picnic areas, campsites 
and walking tracks in vegetation types that are least 
susceptible to introduced species invasion within each 
broad altitudinal zone. Thus in the alpine zone, walking 
tracks should be located through dense grassland rather 
than snow patch or feldmark communities (see Chapter 5). 
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The current research also indicated that vehicles are 
a significant agent for the introduction and transfer of 
species within KNP. More than half the vehicles entering 
central KNP (the most visited region of KNP) do so during 
the ski season, which extends approximately from mid-June 
to early October. While it is not possible to prevent the 
import or transfer of propagules by cleaning individual 
vehicles, the monitoring of ski resort carparks, chain 
fitting bays and other parking sites is recommended. In 
addition, it would be desirable to minimise vehicle 
movements along some sections of minor roads and fire 
trails which are currently more or less free of 
introduced species. 
(iv) minimise the use of introduced species in soil 
conservation and revegetation programmes, and try to 
ensure that all materials used (e.g. seed mixes, mulches, 
topsoil and fill material) are sterile. The most widely 
used species in revegetation programmes in KNP are 
pasture grasses (especially Agrostis capillaris, Festuca 
rubra, Poa pratensis and Dactylis glomerata) and clovers 
(especially Trifolium repens and Trifolium pratense). 
These species are generally able to establish quickly in 
newly disturbed sites, particularly when used in 
association with a protective cover of mulch and the 
addition of fertiliser. However, the characteristics 
which make these species useful for soil conservation and 
revegetation purposes have also contributed to their 
successful establishment in other areas of the Park. 
Thus, for example, in the current study Agrostis 
capillaris was the second most widely occurring 
introduced species in the relatively undisturbed 
vegetation adjacent to roadsides (see Chapter 2). The 
pasture grasses and clovers have also been noted as 
serious environmental weeds in alpine areas of Victoria 
(Carr, 1988). 
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(v) minimise the use of fertiliser in soil conservation 
and revegetation programmes, as well as minimising 
nutrient additions from other sources such as sewage 
treatment works. Increasing nutrient levels appears to 
predispose native plant communities to introduced species 
invasion, particularly along water courses and in other 
moist sites (Leishman, in press; Benson & Howell, 1990). 
The current research (see Chapters 6-8) suggests that 
many introduced herbs are able to utilise nitrogen and 
phosphorus more effectively than both early and late 
successional native herbs, thus giving them a competitive 
advantage at all except the lowest nutrient levels. 
(vi) assign priorities for introduced species control so 
that the best possible use is made of the available 
resources. Highest priorities would then be given to 
a) introduced species which have the greatest impacts 
on native plant and animal communities and/or on natural 
ecosystem processes. These are frequently tree and shrub 
species (e.g. Macdonald & Jarman, 1984; Weiss & Noble, 
1984; Loope et al., 1989). In KNP, 89% of the introduced 
species were herbaceous, and at this stage few herbaceous 
species have major impacts on native plant communities in 
relatively undisturbed sites. An exception is Hypericum 
perforatum, especially in northern KNP. Tree and shrub 
species which currently or potentially have a major 
impact on native vegetation communities include Rubus 
fruticosus spp. agg., Salix spp., Cytisus scoparius and 
Rosa rubiginosa. 
b) introduced species which are highly invasive in 
other areas with similar physical environmental 
conditions, such as Cytisus scoparius. Cytisus scoparius 
currently has a scattered distribution in KNP, but 
occupies approximately 10000 ha of subalpine woodland and 
grassland on the Barrington Tops plateau (including areas 
of State Forest and National Park) in northern New South 
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Wales. Here it has caused substantial reductions in the 
species richness and abundance of the ground flora in 
infested areas, and has reduced the regeneration of 
eucalypts (Waterhouse, 1988). 
c) introduced species which are highly visible in the 
landscape, such as the deciduous trees Salix spp., 
Populus spp. and Betula spp.; and herbs such as Lupinus 
polyphyllus and Eschscholzia californica. 
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